
CHAPTER III 
EXPERIMENTAL

3.1 Material

•  A c r y l ic  R o d

•  D e io n iz e d  w a te r
•  C o lo r  D y e

3.2 Equipment

•  C N C  L a th e
•  C e n t r i fu g a l  P u m p
•  R e s e r v o i r  T a n k

•  C o o l in g  S y s te m
•  F lo w  M e te r
•  T h e r m o  C o u p le

•  P r e s s u r e  T r a n s d u c e r
•  H ig h  S p e e d  C a m e r a

3.3 Methodology

C o n t in u in g  th e  w o r k  o f  Y i l l i e n  ( 2 0 0 1 )  a n d  Y o n g  S h a o  (2 0 0 6 ) ,  e x p e r im e n ts  
w e re  p e r f o r m e d  u s in g  a  c lo s e d ,  r e c i r c u la t in g  w a te r  lo o p .  T h e  lo o p  is  s h o w n  in  F ig u r e  
3 .1 .

T h e  r e s e r v o i r  w a s  o p e r a te d  u n d e r  r o o m  te m p e r a tu r e  a n d  a tm o s p h e r ic  
p r e s s u r e .  T h e  c e n t r i f u g a l  p u m p  w a s  u s e d  to  c i r c u la te  th e  f lu id  th r o u g h  th e  lo o p . T h e  
f lo w  w a s  a d ju s te d  w i th  a  r o ta m e te r  a n d  a  m a n u a l ly - o p e r a te d  c o n tr o l  v a lv e .  A  
th e r m o c o u p le  w a s  u s e d  to  m e a s u r e  th e  c o o la n t  t e m p e r a tu r e  b e f o r e  it  e n te r e d  th e  t e s t  
s e c t io n .  T h e  te s t  s e c t io n  w a s  a n  a c ry l ic  p ip e  c o n n e c te d  v ia  f i t t in g s  to  th e  r e s t  o f  th e  
lo o p . T h e  in te r n a l  s u r f a c e  o f  th e  p ip e  w a s  m a c h in e d  to  a  s c a l lo p e d  c o n to u r  s u r fa c e .
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T h e  d if f e r e n t ia l  p r e s s u r e  t r a n s m i t t e r  w a s  in s ta l le d  in  o rd e r  to  in d ic a te  th e  p r e s s u r e  
d ro p . A  d r a in  w a s  in t r o d u c e d  a f t e r  th e  t e s t  s e c t io n  f o r  ta k in g  s a m p le s .  H a v in g  p a s s e d  
th r o u g h  t h e  te s t  s e c t io n ,  th e  f lo w  w a s  r e c i r c u la te d  th r o u g h  th e  c o o le r  in  w h ic h  th e  
w a te r  w a s  c o o le d  a n d  th e n  r e tu r n e d  to  th e  r e s e rv o i r .

Figure 3 .1  S c a l lo p in g  t e s t  lo o p

T h e  e x p e r im e n ts  a re  d iv id e d  in to  3 s e c t io n s .  T h e  f i r s t  s e c t io n  is  v a l id a t io n  o f  
F U L E N T  C F D  m o d e l  in  w h ic h  f lo w  v is u a l iz a t io n  a n d  p r e s s u r e  m e a s u r e m e n t  w e re  
p e r f o r m e d  w i th  v a r io u s  R e y n o ld s  n u m b e r .  T h e  s e c o n d  s e c t io n  is  to  in v e s t ig a te  th e  
e f f e c t  o f  s c a l lo p ’s s u r f a c e  a r e a  o n  p r e s s u r e  d ro p . T h e  la s t  s e c t io n  is  to  in v e s t ig a te  th e  
e f f e c t  o f  s c a l lo p ’s  d is t r ib u t io n  o n  p r e s s u r e  d ro p . A l l  th e  e x p e r im e n t  u s e d  th e  s a m e  
te s t  s e c t io n  b u t  s l ig h t ly  m o d i f ic a t io n .

I ~ ~ | —
Flow direction 

------------------------ ►

P r e s s u re  T a p

U p s t r e a m  s e c t io n M id d le  s e c t io n  D o w n s t r e a m  s e c t io n

Figure 3.2 Scallop test section



16

T h e  t e s t  s e c t io n  c o n s is t s  o f  t h r e e  s e c t io n s  a s  s h o w n  in  F ig u r e  3 .2 . T h e  
u p s t r e a m  s e c t io n  is  a  9 1 .7 5  c m  s tr a ig h t  s ta in le s s  s te e l  p ip e  w i th  2 .9 2 6  c m  a n d  s m o o th  
in te rn a l  s u r f a c e .  T h is  p ip e  is  u s e d  to  e n s u r e  a  fu l ly  d e v e lo p e d  p a t te r n  o f  f lo w  a t  th e  
in le t .  T h e  s c a l lo p e d  s u r f a c e  is  c o n ta in e d  in  th e  m id d le  s e c t io n  o f  th e  t e s t  s e c t io n  
w h ic h  c o n s is t s  o f  m a n y  in d iv id u a l  a c ry l ic  s c a l lo p  p ro f i le  p ie c e s .  In  th i s  s e c t io n ,  th e  
n u m b e r  a n d  lo c a t io n  o f  th e  s c a l lo p  c a n  b e  c h a n g e d  a c c o rd in g  to  t h e  e x p e r im e n t  
p e r fo rm e d . T h e  d o w n s t r e a m  s e c t io n  is  a  9 1 .7 5  c m  s ta in le s s  s te e l  p ip e  u s e d  to  
m in im iz e  th e  tu r b u le n c e  c a u s e d  b y  th e  9 0  d e g re e  e lb o w . T h e  in te r n a l  d ia m e te r  o f  
th e s e  th r e e  s e c t io n s  is  th e  s a m e  in  o r d e r  to  k e e p  f lo w  v e lo c i ty  c o n s ta n t  a lo n g  th e  t e s t  
s e c t io n .  T h e  h y d r a u l ic  d ia m e te r  is  s p e c i f ie d  fo r  th e  m id d le  s e c t io n . P r e s s u r e  t a p s  a re  
p u t  a lo n g  th e  t e s t  s e c t io n  fo r  m e a s u r in g  p r e s s u r e  a n d  d y e  in je c tio n .

T h e  m id d le  s e c t io n  m a d e  f ro m  a  2 0 8  c m - lo n g  a c r y l ic  t u b e  w i th  5 .0 8  
c m  o u te r  d ia m e te r  a n d  2 .9 3  c m  in n e r  d ia m e te r .  T h e  in te rn a l  s u r f a c e  o f  th e  p ip e  w a s  
m a c h in e d  to  a  2 -D  s c a l lo p e d  s u r fa c e . T h e  p la s te r  s c a l lo p s ,  s h o w n  in  f ig u r e  3 .3 ,  w e r e  
u s e d  a s  a  m o d e l  f o r  th e  s c a l lo p  c o n to u r .  T h e  s c a l lo p  le n g th  c a lc u la te d  f ro m  th e  s ta b le  
w a v e  le n g th  R e y n o ld s  n u m b e r ,  2 3 0 0 0 ,  (B lu m b e r g  e t  a l . ,  1 9 7 4 )  a t  th e  f lo w  r a te  o f  9  
G P M  is  2 .7 2 8  c m . T h e  d e p th ,  d e te r m in e d  u s in g  th e  s a m e  a s p e c t  r a t io  a s  th e  s c a l lo p  
m o d e l  in  f ig u r e  7 , is  0 .4 1 5  c m .

Figure 3.3 Plaster scallop contour (K.A. Burrill, 1998)
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3 .3 .1  T e s t  S e c t io n  D e s ig n
S in c e  th e  s e q u e n c e  a n d  lo c a t io n  o f  s c a l lo p s  a r e  c h a n g e d  f r e q u e n t ly ,  

th e  te s t  s e c t io n  s h o u ld  b e  f le x ib le  a n d  e a s y  to  b e  m o d if ie d .  T h e  te s t  s e c t io n  c o n s is t s

o f  th r e e  m a jo r  s e c t io n s  d e s c r ib e d  b e lo w .

ร. 3.1.1 Upstream Section
T h is  s e c t io n  is  n e e d e d  to  m a k e  th e  f lo w  f u l ly  d e v e lo p e d  so  

th a t  h y d r o d y n a m ic s  o f  th e  f lo w  is  e x a c t ly  k n o w n . T h e  d ia m e te r  o f  th e  p ip e  i s  2 .9 2 6  
c m . T h e  le n g th  o f  th e  p ip e  r e q u i r e d  fo r  f u l ly - d e v e lo p e d  f lo w  c a n  b e  c a l c u la te d  f ro m  
th e  e q u a t io n  b e lo w .

F o r  tu r b u le n c e  f lo w :

y  « 4 . 4  R e f

T h e  R e y n o ld s  n u m b e r  is  2 4 6 8 8
T h e  p ip e  d ia m e te r  is  0 .0 2 9 2 6  m
T h e  a v e r a g e  R e y n o ld s  n u m b e r ,  c a lc u la te d  f ro m  th e  f lo w  r a te  

o f  9  G P M  w h ic h  is  th e  h a l f  o f  th e  m a x im u m  f lo w  r a te  o f  th e  p u m p ,  is  2 4 6 8 8  a n d  th e  
c a lc u la te d  l e n g th  fo r  t h i s  s e c t io n  is  6 9 .4 7  c m .

S ta in le s s  s te e l  is  u s e d  a s  a  m a te r ia l  o f  c o n s tr u c t io n  b e c a u s e  o f  i ts  d u r a b i l i ty  
a n d  c o r r o s io n  r e s is ta n c e .  P r e s s u re - ta p s  w ill  b e  p u t  o n  th e  in le t  a n d  m id d le  o f  th e  p ip e  
to  m e a s u r e  th e  p r e s s u r e  d ro p  a lo n g  th i s  s e c t io n .

ร. 3.1.2 Middle Section
In  th is  p a r t ,  th e  s c a l lo p  c o n to u r  w i l l  b e  m a c h in e d  in  th e  

in te rn a l  s u r f a c e  o f  t h e  p ip e . T h e  s c a l lo p  s iz e d  is  d e te r m in e d  a c c o r d in g  to  th e  s ta b le  
w a v e le n g th  R e y n o ld s  n u m b e r ,  2 3 0 0 0 ,  w h ic h  w i l l  g iv e  a  f lu te  s ta b i l i ty  ( C u r l ,  1 9 7 4 ) . 
T h e  c a lc u la te d  l e n g th  o f  th e  s c a l lo p  is  2 .7 2 8  c m .

3 .3 .1 .2 .1  C o o r d in a te  P r e p a r a t io n
T h e  p la s t e r  s c a l lo p  in  f ig u r e  3 .3  is  a  r e f e r e n c e  m o d e l  

f o r  th i s  w o rk .  T h e  p la s t e r  s c a l lo p  m o d e l  is  p u t  o n  g ra p h  p a p e r  a n d  i ts  c o o r d in a te s  
n o te d  f o r  r e g r e s s io n .  A  f i f th  o r d e r  p o ly n o m ia l  r e g r e s s io n  is  u s e d .  F ig u re  3 .4  s h o w s  
th e  s c a l lo p  p ro f i le  b e f o r e  r e g r e s s io n  w h i le  th e  r e g r e s s io n  o n e  is  s h o w n  in  F ig u r e  3 .5 .



1 8

Figure 3.4 S c a l lo p  p r o f i le  b e fo re  r e g r e s s io n  (c m )

E v e n  th o u g h  r e g r e s s io n  s m o o th e s  th e  p ro f i le ,  it 
c r e a te s  a  d is c r e p a n c y  b e tw e e n  h e ig h ts  in  th e  Y  d i r e c t io n  a t  th e  tw o  e n d s  o f  th e  
p r o f i le .  S o m e  p o in t s  a ro u n d  th e  e n d  o f  th e  s c a l lo p  p r o f i le  n e e d  to  b e  a d ju s te d .

Figure 3.5 S c a l lo p  p r o f i le  a f te r  r e g r e s s io n  (c m )

T a b le  3.1 s h o w s  th e  s c a l lo p  p ro f i le  c o o r d in a te s  u s e d  
in  th i s  w o rk . T h e  f i r s t  p o in t  in  t h e  r e g r e s s io n  is  a d ju s te d  to  t h e  o r ig in a l  v a lu e ,  0 .4 1 9 7  
c m . T h e  la s t  tw o  p o in ts ,  0 .4 2 1 5  c m  a n d  0 .4 2 7 9  c m , a re  a ls o  a d ju s te d  to  th e  o r ig in a l  
v a lu e s ,  w h ic h  a re  0 .4 1 7 5  c m  a n d  0 .4 1 9 7  c m  r e s p e c t iv e ly .  T h e n  th e  s m o o th  a n d  
r e a l i s t i c  s c a l lo p  p r o f i le  c a n  b e  o b ta in e d .

3 .3 .1 .2 .1  D e s ig n  a n d  D r a w in g
T h e  d r a w in g  is  m a d e  u s in g  A U T O C A D . T h e  a d ju s te d  

c o o r d in a te s  a re  u s e d  to  c r e a te  th e  s c a l lo p  c o n to u r .  P o ly  l in e  f u n c t io n  is  g o o d  e n o u g h  
to  m a k e  a  s m o o th  o f  c o n to u r  t h r o u g h  e v e ry  c o o r d in a te  p o in t  a s  s h o w n  in  F ig u r e  3 .6 .
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Table 3.1 S c a l lo p  p ro f i le  c o o r d in a te  (c m )

Length Height Regression
0 0.4197 0.4160

0.05 0.3925 0.3889
0.1 0.3575 0.3604

0.15 0.3125 0.3310
0.2 0.3025 0.3012

0.25 0.28 0.2714
0.3 0.2425 0.2421

0.35 0.22 0.2135
0.4 0.1825 0.1860

0.45 0.1625 0.1598
0.5 0.135 0.1353

0.55 0.1175 0.1125
0.6 0.09 0.0916

0.65 0.0725 0.0728
0.7 0.0625 0.0563

0.75 0.045 0.0419
0.8 0.0225 0.0299

0.85 0.02 0.0202
0.9 0.01 0.0129

0.95 0.005 0.0078
1 0 0.0050

1.05 0.005 0.0044
1.1 0.005 0.0059

1.15 0.005 0.0095
1.2 0.0125 0.0149

1.25 0.0175 0.0222
1.3 0.0325 0.0311

1.35 0.045 0.0416

Length Height Regression
1.4 0.0575 0.0534

1.45 0.0725 0.0665
1.5 0.0825 0 .0806

1.55 0.1025 0 .0956
1.6 0.1175 0 .1114

1.65 0.1275 0.1278
1.7 0.1425 0 .1446

1.75 0.1625 0 .1617
1.8 0.175 0.1789

1.85 0.1925 0.1961
1.9 0.2175 0.2131

1.95 0.23 0 .2300
2 0.2425 0.2464

2.05 0.2675 0 .2624
2.1 0.275 0.2778

2.15 0.2875 0 .2927
2.2 0.3 0 .3069

2.25 0 .315 0.3205
2.3 0 .335 0.3334

2.35 0 .345 0 .3456
2.4 0.3525 0.3573

2.45 0.3675 0.3685
2.5 0.39 0.3792

2.55 0 .395 0 .3898
2.6 0.4025 0.4002

2.65  . 0 .4125 0 .4107
2.7 0.4175 0 .4215

2 .7282 0.4197 0.4279

Figure 3.6 Smooth scallop contour
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T o  m a x im iz e  th e  f le x ib i l i ty  in  c h a n g in g  s c a l lo p  
n u m b e r s  a n d  lo c a t io n ,  e a c h  s c a l lo p  p ro f i le  is  m a c h in e d  in  th e  in te rn a l  s u r f a c e  o f  a n  
in d iv id u a l  p ie c e  o f  a c ry l ic .  T h e s e  s c a l lo p  p ie c e s  o f  a c ry l ic ,  o r  e v e n  b la n k  p ie c e s  
w i th o u t  s c a l lo p s ,  c a n  b e  p u t  to g e th e r .  T h e  a r r a n g e m e n t  a n d  m o d i f ic a t io n  a re  v e ry  
e a s y  a n d  f le x ib le .  T h e  2 D  d ra w in g  o f  th is  a c ry l ic  p ie c e  is  s h o w n  in  f ig u r e  3 .7 .  F ig u re
3 .8  i l lu s t r a te s  th e  3 D  m o d e l .

Figure 3 .7  2 D  d r a w in g  o f  s c a l lo p  p ie c e

Figure 3.8 3D layout of scallop piece
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T h e  s u r f a c e  p ro f i le  p la y s  a n  im p o r ta n t  ro le  in  
d e te r m in in g  th e  p r e s s u r e  d ro p . I f  th e r e  is  a  m is m a tc h  a t  th e  in te r f a c e  b e tw e e n  tw o  
s c a l lo p s ,  a  b u m p  w ill  b e  c r e a te d  a n d  c a u s e  a n  e r r o r  in  th e  e x p e r im e n ta l  r e s u l ts .  T o  
e n s u r e  th a t  th e  a c ry l ic  p ie c e s  m a tc h  e a c h  o th e r  p e r f e c t ly ,  a  s p ig o t  a n d  r e c e s s  a re  
m a c h in e d  in to  e v e ry  p ie c e .  A n  O - r in g  is  u s e d  to  p r e v e n t  le a k in g .

T h e  a c ry l ic  c o n n e c to r s  th a t  c o n n e c t  th e  u p s t r e a m  
s e c t io n  a n d  th e  d o w n s t r e a m  s e c t io n  to  th e  m id d le  s e c t io n  a r e  a ls o  d e s ig n e d . 
D r a w in g s  o f  th e s e  c o n n e c to r s  a re  s h o w n  in  F ig u re  3 .9  a n d  3 .1 0  r e s p e c t iv e ly .

Figure 3.9 C o n n e c to r  b e tw e e n  th e  u p s t r e a m  s e c t io n  a n d  th e  m id d le  s e c t io n

F ig u r e  3 .11  i l lu s t r a te s  h o w  th e s e  tw o  c o n n e c to r s  j o i n  
e v e r y  p a r t  o f  th e  t e s t  s e c t io n  to g e th e r .  T w o  s te e l  p la te s  a re  s c r e w e d  to g e th e r  w i th  
lo n g  b o lt s  to  d a m p  th e  s e c t io n s  to g e th e r .  T h e  te s t  s e c t io n  is  c o n n e c te d  to  th e  r e s t  o f  
th e  lo o p  w i th  c o m p r e s s io n  c o u p l in g s .
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Figure 3.10 C o n n e c to r  b e tw e e n  th e  m id d le  s e c t io n  a n d  th e  d o w n s t r e a m  s e c t io n

Figure 3.11 C o n f ig u r a t io n  o f  th e  t e s t  s e c t io n

I f  n o n - s c a l lo p  in te r n a l  s u r f a c e  o f  th e  p ip e  is  r e q u i r e d  
in  th e  m id d le  s e c t io n ,  th r e e  m o r e  ty p e s  o f  c o n n e c to r  a re  n e e d e d .  T h e s e  th r e e  
c o n n e c to r s  c o n s is t  o f  m a le  c o n n e c to r ,  f e m a le  c o n n e c to r  a n d  f la t  s u r fa c e  c o n n e c to r ,  
s h o w n  in  F ig u r e s  3 .1 2 , 3 .1 3  a n d  3 .1 4  r e s p e c t iv e ly .  T h e  d im e n s io n s  a re  th e  s a m e  a s  
th e  p r e v io u s  c o n n e c to r s ,  in  F ig u r e  3 .9  a n d  3 .1 0 ,  e x c e p t  f o r  th e  d ia m e te r  o f  f la t
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s u r f a c e  s e c t io n .  F ig u re  3 .1 5  i l lu s t r a te s  h o w  th e s e  th r e e  c o n n e c to r s  c r e a te  a  f la t  
s u r f a c e  s e c t io n  b e tw e e n  tw o  s c a l lo p  p ie c e s .

r -

i - h
à เ, เ ! ' ร ะ

i 1
2.926 cm 2.926 cm ■ jir

ไf f J r\

—

Figure 3.12 M a le  c o n n e c to r Figure 3.13 F e m a le  c o n n e c to r

2.926 cm

Figure 3.14 F la t  s u r f a c e  c o n n e c to r

น

Figure 3.15 Fabrication of flat surface section
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A  p r e s s u r e  t a p s  a re  d r i l le d  o n  o n ly  s o m e  s c a l lo p  
p ie c e s  to  d e te r m in e  th e  p r e s s u r e  d r o p  a t  th e  lo c a t io n  o f  in te re s t .  T h e  n u m b e r  o f  
p r e s s u r e  t a p s  is  m in im iz e d  in  o r d e r  to  d is tu r b  th e  f lo w  h y d r o d y n a m ic  a s  l i t t le  as 
p o s s ib le .  T h e  ta p  is  a t  th e  a v e ra g e  d ia m e te r  o f  th e  w h o le  t e s t  s e c t io n ,  w h ic h  is  2 .9 2 6  
c m . T h e  p o s i t io n  o f  th e  p r e s s u r e  ta p  is  s h o w n  in  F ig u re  3 .1 6 .

Figure 3.16 P r e s s u r e  t a p  u s e d  to  m e a s u r e  th e  s ta tic  p r e s s u r e

3 .3 .1 .2 .1  M a c h in in g
B e c a u s e  th e  in te rn a l  s u r fa c e  p r o f i le  i s  c ru c ia l ,  a  h ig h -  

p r e c i s io n  m a c h in in g  p r o c e s s  is  r e q u i r e d  to  g e t  th e  b e s t  re s u lt .
T h e re  a re  s ix  ty p e s  o f  a c ry l ic  p ie c e  to  b e  m a c h in e d  

a n d  e a c h  ty p e  h a s  4 -5  c u ts .  T h e  o p e r a t io n  is  d iv id e d  in to  tw o  p a r ts .  T h e  f i r s t  p a r t  is  
th e  p r e p a r a t io n  p r o c e s s ,  in  w h ic h  e v e r y th in g  is  p re p a re d .  T h e  s e c o n d  p a r t  is  th e  
p r o d u c t io n  p ro c e s s .

Preparation Process
F ir s t ,  2 - in c h  o u ts id e - d ia m e te r  a c ry l ic  ro d s  a re  b o r e d  to  

h a v e  2 .4 6 1  c m  in s id e  d ia m e te r .  T h e n  th e  o u te r  s u r f a c e  is  t u r n e d  to  a  t r u e  c i rc le ,  
w h ic h  in c r e a s e s  t h e  p r e c i s io n  o f  th e  m a c h in in g .  A f te r  th a t ,  th e  ro d s  a re  c u t  in to  
p ie c e s .  T h e  l e n g th  o f  e a c h  p ie c e  is  3 .0 2 8  c m . F ig u r e  3 .1 7  s h o w s  th e  p r e p a r e d  a c ry l ic
p ie c e s .
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Figure 3 .1 7  P r e p a r e d  a c ry l ic  p ie c e s

T h e re  a re  f iv e  c u t t in g  to o l s  w h ic h  c o v e r  a ll  ty p e s  o f  
c u t  in  th i s  w o rk . E a c h  to o l  is  m a d e  s p e c i f ic  to  e a c h  ty p e  o f  c u t. T h e  to o l s  m u s t  b e  
a l ig n e d  p r o p e r ly  to  a  r e f e r e n c e  p o in t  in  o r d e r  to  g e t  a  h ig h - p r e c is io n  c u t .  A ll  th e  to o l s  
a re  s h o w n  in  th e  F ig u r e  3 .1 8 .

Figure 3.18 Cutting tools
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A  C N C  la th e , s h o w n  in  F ig u r e  3 .1 9 , is  u s e d  in  th is  
w o r k  d u e  to  th e  c o m p le x  s c a l lo p  p r o f i l e  a n d  th e  n e e d  f o r  r e p e a te d  h ig h - p r e c is io n  
c u ts . T o  c u t  w i th  th is  m a c h in e ,  th e  p r o g r a m  o f  e a c h  c u t  h a s  to  b e  w r i t t e n  a n d  e n te re d  
in to  t h e  c o m p u te r .

Figure 3 .1 9  C N C  la th e

Machining Process
B e c a u s e  th e  n u m b e r  o f  p ie c e s  to  b e  c u t  is  a ro u n d  8 0 , a  

g o o d  s y s te m  o f  p r o d u c t io n  s ig n i f i c a n t ly  r e d u c e s  th e  m a c h in in g  t im e . T o  d e c r e a s e  th e  
m a c h in in g  t im e ,  th e  c u t t in g  to o l  w i ll  b e  c h a n g e  o n ly  a f te r  e v e r y  a c ry l ic  p ie c e  is  c u t  
fo r  t h a t  s p e c i f ic  ty p e  o f  c u t  p r o v id e d  b y  th e  to o l.

Figure 3.20 The acrylic pieces while machined.
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T h e  p r e p a r e d  s a m p le  m u s t  b e  lo a d e d  in to  th e  j a w  
c a re fu l ly .  T h e  p a r a l l e l ,  th e  p ie c e s  o f  i ro n  w i th  h ig h  a c c u ra c y  p a ra l le l  s u r f a c e ,  s h o u ld  
b e  u s e d  to  e n s u r e  th e  p r o p e r  lo a d in g . In  F ig u r e  3 .2 0 , a n  a c r y l ic  p ie c e  is  m a c h in e d  to  
th e  in te rn a l  s c a l lo p  p ro f i le .  S o m e  a c ry l ic  p ie c e s  w h ic h  h a v e  a l re a d y  b e e n  m a c h in e d  
a re  s h o w n  in  F ig u r e  3 .2 1 .

Figure 3.21 F in is h e d  a c ry l ic  p ie c e s

3.3.1.3 Downstream Section
T h is  s e c t io n  is  9 1 .7 5  c m  s ta in le s s  s te e l  p ip e  u s e d  to  m in im iz e  

th e  tu r b u le n c e  e f f e c t  o f  th e  9 0  d e g r e e  e lb o w  p la c e d  a f te r  th e  d o w n s t r e a m  s e c t io n  
s h o w n  in  F ig u re  3 .2 2 . T h e  p r e s s u r e  ta p  is  p u t  o n  th e  p ip e  f o r  a  fu ll  s c a le  e x p e r im e n t  
w h ic h  r e q u i r e d  a  lo n g  m e a s u r e d  le n g th .

M id d le  S e c tio n  D o w n s t r e a m  S e c t io n  E lb o w

Figure 3.22 Downstream section



2 8

3 .3 .1 .2 .1  A s s e m b l in g
E v e ry  a c r y l ic  p ie c e s  a re  p u t  to g e th e r .  T h e  s e q u e n c e  o f  

a c ry l ic  p ie c e s  d e p e n d  o n  th e  p u rp o s e  o f  e x p e r im e n t .  T h e  c o m p le te  t e s t  s e c t io n  a n d  
s c a l lo p in g  lo o p  a r e  s h o w n  in  F ig u re  3 .2 3  a n d  3 .2 4  r e s p e c t iv e ly .

Figure 3 .2 3  c o m p le te  t e s t  s e c t io n

Figure 3.24 S c a l lo p in g  lo o p

3 .3 .2  V a l id a t io n  o f  F L U E N T  C F D  M o d e l
In  o r d e r  to  v a l id a te  F L U E N T  m o d e l ,  tw o  e x p e r im e n ts  h a v e  b e e n  

c o n d u c te d .  F lo w  v i s u a l i z a t io n  e x p e r im e n t  o b ta in s  q u a l i ta t iv e  r e s u l ts  w h i le  p r e s s u r e  
m e a s u r e m e n t  o b ta in s  q u a n t i t a t iv e  r e s u l ts .
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3.3.2.1 Flow Visualization
B u b b le  t e c h n iq u e ,  w h ic h  u s e  b u b b le s  a s  a  t r a c e r  to  t r a c k  th e  

f lo w , is  a p p l ie d  to  th i s  e x p e r im e n t .  B u b b le s  w e r e  g e n e ra te d  in  th e  r e s e r v o i r  t a n k  b y  
a g i ta t io n .  T h e  b u b b le  s iz e  is  k e p t  s m a ll  to  m in im iz e  th e  b u o y a n c y  e f f e c t .  T h e  
s c a l lo p e d  p ie c e s  a ro u n d  th e  in te r e s te d  a r e a  a re  p o l i s h e d  to  c le a r  to  m a x im iz e  th e  
v is ib i l i ty  a s  s h o w n  in  F ig u re  3 .2 5 .

Figure 3 .2 5  P o l i s h e d  s c a l lo p  p ie c e s

T h e  m o v e m e n t  o f  th e  b u b b le  is  c a u g h t  b y  h ig h  s p e e d  c a m e r a  a t 
12  G P M . T h e  s t r e a m  l in e  o f  f lo w  is  o b ta in e d  b y  t a k in g  a  p ic tu r e  o f  b u b b le  w i th  lo w  
s h u t t e r  s p e e d . T h e  d y e  in je c t io n  te c h n iq u e  is  a l s o  u s e d  to  c o m p a r e  th e  r e s u l t  w i th  
b u b b le  t e c h n iq u e .

3.3.2.1 Pressure Measurement
In  o r d e r  to  v a l id a te  C F D  s im u la t io n ,  th e  s ta t ic  p r e s s u r e  w a s  

m e a s u r e d  a lo n g  th e  t e s t  s e c t io n  w i th  o n e  a n d  tw o  s c a l lo p s  a s  s h o w n  in  F ig u r e  3 .2 6  
a n d  3 .2 7  r e s p e c t iv e ly .

Figure 3.26 Test section with one scallop
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Figure 3.27 T e s t  s e c t io n  w ith  tw o  s c a l lo p s

P r e s s u r e  t a p s  w e r e  p u t  d e n s e ly  a ro u n d  th e  s c a l lo p  a r e a  d u e  to  a  
h ig h  f lu c tu a t io n  in  th e  p re s s u r e .  F ig u r e  3 .2 8  i l lu s t r a te  th e  p r e s s u r e  t a p s  a ro u n d  th e  
s c a l lo p  a r e a  w h i le  F ig u r e  3 .2 9  s h o w s  th e  p o s i t io n  a n d  d i s t r ib u t io n  o f  ta p s .

Figure 3.28 P r e s s u r e  t a p s  a ro u n d  th e  s c a l lo p  a r e a

R e la t iv e  s ta t ic  p r e s s u r e  c o m p a r e  to  th e  e n d  o f  th e  t e s t  s e c t io n  is  
m e a s u r e d .  F lo w  ra te  u s e d  a re  6 , 9 , 12 , 15 a n d  18 G P M . H ig h  s e n s i t iv e  p r e s s u r e  
t r a n s d u c e r  is  u s e d  to  lo o k  u p  f o r  th e  s ta t ic  p r e s s u r e  w i th  h ig h  a c c u r a c y .
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Figure 3.29 P o s i t io n  a n d  d is t r ib u t io n  o f  th e  p r e s s u r e  ta p s

3 .3 .3  E f f e c t  o f  S c a l lo p ’s S u r f a c e  A r e a  o n  P r e s s u r e  D ro p
T h e  e x p e r im e n ts  w e r e  c o n d u c te d  in  b o th  fo r w a r d  a n d  b a c k w a r d  f lo w . 

T h e  n u m b e r  o f  s c a l lo p  w a s  v a r i e d  w h i le  th e  p re s s u r e  d r o p  o f  th e  s y s te m  w a s  
m e a s u r e d .  T h e  v o lu m e tr ic  f lo w  r a te  w a s  a ls o  v a r ie d  f ro m  6  G P M  to  18 G P M . T h e  
t e s t  m a tr ix  is  s h o w n  in  ta b le  3 .2 .

Table 3 .2  S c a l lo p ’s s u r f a c e  a r e a  te s t  m a tr ix  f o r  b o th  fo rw a rd  a n d  b a c k w a r d  f lo w
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3.3.4 Effect of Scallop’s Distribution on Pressure Drop
In order to investigate the distribution effect, the position and numbers 

of scallops were varied while the pressure drop of the system was measured. The 
arrangements of the scallops are divided into 10 set shown in Figure 3.30. The 
volumetric flow rates used in this experiment were 9 GPM and 12 GPM. The test
matrix is shown in table 3.3.

Set 6Set 1 ■ HI ■
Set 2 M Set 7 m. ... HI ;§§§
Set 3 II : : : : m Set 8 gg llpl ' §g...
Set 4 พ::::น": Set 9 ..n ..... pp .' * ..
Set 5 wo:""::.. " 'พ " ' Set 10 ■ ■ ■ a

Figure 3.30 The arrangements of scallops

Table 3.3 Scallop’s distribution test matrix

A rran ge m e n t
F low  R ate  (G P M )

9 12

Set 1 
Set 2 
Set 3 
Set 4 
Set 5

A rran ge m e n t
F low  R ate  (G PM )

9 12

S e t 6 
S e t 7 
S e t 8 
S e t 9 

S e t 10
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