
CHAPTER V

PROGRAMME VERIFICATION AND DISCUSSION

The p ro g ram m e d eve lop ed  by  using c++ langua ge  is e m p lo ye d  to so lve  the 

s iz ing  p rob lem s o f c ryo g e n ic  and gas p ip in g  system s. The pe rfo rm a n ce  test o f this 

p rog ram m e is show n and d iscussed  in this chap te r. Three m e thods  fo r testing  the 

re liab ility  o f the p ro g ram m e are d iscu sse d  below .

1. C om parison  o f the c ryo g e n ic  and gas p roperties  es tim a ted  by the 

d e ve lo p e d  p rog ram m e to those o f a com m erc ia l so ftw are  nam ed G ASPAK

2. C om parison  o f p ipe  s iz ing c a lcu la te d  by the d e ve lo p e d  p ro g ra m m e  to 

re fe rence  da ta  from  ex is ting  insta lled  p ipe  w orks, re fe rence  d o cu m e n ts  and 

an existing  s im u la to r such as PDROP vers ion  2.04

3. D istribute  this p rogram m e to im p lica te d  users to g e t fe e d b a c k  on its 

pe rfo rm ance  and to d iscuss  a bou t im provem ents  o f the  p ro g ra m m e  and 

recom m endations

5.1 S pecific  cases fo r verifica tion  o f the deve loped program m e

Several s tudy cases are tested . They are d e libe ra te ly  s im p lified . The fo llow ing  

w orked  exam ples  are to be used for ve rifica tion .

C ase 1 (QCE 343-987)

Let's cons ide rs  a situation  in w h ich  two p ieces o f e q u ip m e n t use the liqu id  

n itrogen supp ly . The so -ca lled  tunnel is o p e ra te d  v irtua lly  con tinuo us ly  w hile  the so- 

ca lled  b lende r, is opera ted  ba tchw ise . It is poss ib le , how ever, fo r the b le n d e r to opera te

on its own.
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The req u ire d  flow  rates in the tunnel and  b le n d e r are 0.55 kg /s and  0 .25 kg/s 

respective ly . In le t p ressure  is 1.515 atm (abso lu te ). The p ip in g  isom etric  ske tch  in this 

case  is show n in figu re  5.1.

Test cond itio n : The pressure  d ro p  o f system  fo r po lyu re thane  insulation is 

de te rm in e d  u n d e r each of the fo llow ing  cond itio ns ,

1.1 M axim um  flow  rate is su p p lie d  to tunnel and  b lende r

1.2 Tunnel is opera ted  only

1.3 B lende r is ope ra ted  only

___ 1 inch, C o p p e r p ipe(ASTM  ธ 42 and B43)

____ %  inch, C o p p e r p ipe(ASTM  B42 and B43)

Figure 5.1 P ip ing isom etric  ske tch  o f C ase 1 

C ase 2 (Q C E343-987)

C ase 2 is to env isage a m ore re fined p ro ce ss  in w h ich  the liqu id  n itrogen  usage 

is d ifficu lt to de te rm ine  accura te ly . The p ro ce ss  co n s is tin g  o f a 100-liter con ta in e r that 

shou ld  be full o f liqu id  n itrogen at the start o f the p ro ce ss  is ope ra ted  re p e a te d ly  as a
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cyc le . V acuum  insu la tion  is used in this case  w ith  a gas lo ck  in the p ipe  w ork. The m ixed 

vacuum  and po lyu re thane  insulation is a lso tes ted  in this s ituation.

The ave ra g e  flow  rate of liqu id  n itrogen in the p ro ce ss  is 80 Sm 3/hr. F igure 5.2 

illustra tes p ip ing  isom etric  sketch o f this case. There is a g lo b e  va lve  at the exit o f the 

vesse l and a ga te  va lve  at p rocess connectio n .

Test cond itio n : The pressure  d ro p  o f system  un d e r each  o f the fo llow ing  

cond itio ns  is d e te rm in e d  using the d e ve lo p e d  p ro g ram m e and re fe rab le  softw are.

2.1 V acuum  insulation

2.2 Po lyure thane insulation

2.3 V acuum  insulation and po lyu re thane  insulation

1“ N om inal p ip e  size, S ta in less steel

V acuum  insu la tion  

Polyurethane

Figure 5.2 P ip ing isom etric  ske tch  o f C ase 2

Case 3 (Q C E343-987)

This ope ra tin g  cond itio n  is s im ila r to ca se  2 w ith  neg lec ting  the gas lock. The 

vacuum  insulation is tes ted  in the p ip in g  isom etric  ske tch  as show n in fig u re  5.3.
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1“ N om ina l p ip e  size, S ta in less steel

F igure 5.3 P ip ing isom etric  ske tch  o f C ase 3

C ase 4 (O xygen  TPV system )

The a bb rev ia tion , TPV, refers to the  e q u ip m e n t used to m ainta in  the su p p ly  to a 

la rge gas user shou ld  the norm al supp ly , usua lly  from  air separa tion  p lan t and  the gas 

co m p re ss io n  system , fail fo r any reason. It can a lso be used to s u p p le m e n t the norm al 

p ro d u c tio n  in o rd e r to m eet a h igh d e m a n d  fo r short pe riod . The m ain co m p o n e n ts  o f the 

TPV are a tank that stores the requ ired  liqu id , a p u m p  and a vaporizer.

The des ig n  flow  rate o f this case  is 10000 N m 3/h r at d isch a rg e  p ressu re  o f 35 

bar (gauge). The cen trifuga l pum p is o p e ra te d  at suc tion  p ressure  o f 3 b a r (g a uge). The 

p ip ing  isom etric  ske tches  o f both o f suction  and  d is c h a rg e  are show n in fig u re  5.4 and 

5.5, respective ly .
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Figure 5.4 P iping isom etric  ske tch  o f suc tion  p ipe line  o f C ase 4

There is a ball va lve at each pum p suc tion  and a g lo b e  va lve  at the ex it o f the 

vessel. This p ip e lin e  is insta lled in horizonta l d irec tion .

0.9 m 2.3m

Figure 5.5 P iping isom etric  ske tch  o f d is c h a rg e  p ipe lin e  o f C ase 4
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C ase 5 (A ir separa tion  plant)

There are the vacuum  insu la ted p ip e lin e s  insta lled  fo r trans fe r liqu id  oxygen, 

n itrogen and argon from  an a ir separa tion  co lum n  to a s to rage  tank. The s im u la tion  of 

this tes t is varia tion o f the s tan d a rd -vo lu m e  flow  rate o f se lec ted  c ryo g e n s  to find  the 

pressure  d ro p  fo r 1-inch p ipe  ins ta lled  in horizonta l d irection . The sim u la tion  result is 

co m p a re d  w ith those o f the exis ting  so ftw are  (PDRO P2-4).

The s im u la ted  flow  rates are 100, 200, 500, 1000 and 2000 Sm 3/h r respective ly . 

The leng ths o f the p ipe lin e  are 80 m etres fo r oxygen  and 70 m etres fo r n itrogen and 

argon.

5.2 C om parison  o f c ryogen ic  and gas properties

The the rm odyna m ic  and transpo rt p ro p e rtie s  m odels d iscu sse d  in c h a p te r I I I  

have been taken into a cco u n t fo r tes ting  the p e rfo rm ance  o f d e ve lo p e d  p rogram m e. 

The p re d ic tio n  o f those  p rope rties  in the d e ve lo p e d  p ro g ram m e is in te rpo la tion  of 

m o n ograp hs  that are p ro v id e d  in gas e n c y c lo p e d ia  da taba se . The com p a riso n  o f the 

test results is show n in tab le  5.1.

By cons ide rin g  tab le  5.1, both  ove r and  u n d e r estim ation  เท each  p ro p e rty  can 

be o bse rved . The v iscos ity  and de n s ity  have show n som e d iffe re n ce  in eve ry  test 

b e ca u se  som e in te rpo la tion  o ccu rs  at p a ssa g e  from  the liqu id  s ta te  to g aseou s state. 

This is the lim itation o f in te rpo la tion  te ch n iq u e , w h ich  is the s im p le  ca te g o ry  to p re d ic t 

those  p rope rties  by the user w ho shou ld  not have know ledg e  o f th e rm ophys ica l 

co n ce p ts .

Experim enta l da ta  on the de n s ity  o f e ithe r the sa tu ra ted  gas or liqu id  phase  w ere  

taken at s ing le  phase cond itio ns  ve ry  c lose  to the satura tion  boundary . Then they w ere  

used fo r ex trapo la ting  to the actua l tw o -phase  cond itio ns . Therefore, m ore unce rta in ty



Table 5.1 The Comparison of Calculated Properties to GASPAK

G A S P A K C ry o S im % D IFF G A S P A K C ryo S im ๐/0๐ IFF G A S P A K C ry o S im % D IF F

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 4 .0 1 3 2 5 4 .0 1 3 2 5 4 .0 1 3 2 5 4 .0 1 3 2 5 4 .0 1 3 2 5 4 .0 1 3 2 5

T e m p e ra tu re (K ) 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5

D e n s ity (k g /m  A3) 5 .0 2 2 7 8 5 .0 3 9 6 2 5 -0 .3 3 5 3 7 2 4 .3 901 1 4 .4 0 4 6 2 3 -0 .3 3 0 5 8 4 6 .2 7 0 4 6 .2 7 7 6 5 8 -0 .1 1 5 7 5

V is c o s ity (c P ) 0 .0 2 1 1 0 3 3 0 .0 2 1 2 0 1 -0 .4 6 2 9 6 0 8 0 .0 1 8 3 7 3 4 0 .0 1 8 2 2 5 0 .8 0 7 6 8 9 0 .0 2 3 4 7 5 0 .0 2 3 2 7 5 0 .8 5 1 9 7

C o m p re s s ib il ity  fa c to r 0 .9 9 7 9 4 8 0 .9 9 7 8 7 9 0 .0 0 6 9 1 4 2 0 .9 9 9 5 3 1 0 .9 9 9 5 0 4 0 .0 0 2 7 0 1 0 .9 9 7 9 2 3 0 .9 9 7 7 7 9 0 .0 1 4 4 3

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 6 .0 1 3 2 5 6 .0 1 3 2 5 6 .0 1 3 2 5 6 .0 1 3 2 5 6 .0 1 3 2 5 6 .0 1 3 2 5

T e m p e ra tu re (K ) 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5

D e n s ity (k g /m A 3) 7 .5 3 3 5 2 7 .5 5 6 6 7 9 -0 .3 0 7 4 1 2 7 6 .5 7 9 2 7 6 .6 0 1 2 9 4 -0 .3 3 4 7 4 8 9 .4 0 4 8 7 9 .4 1 6 3 6 9 -0 .1 2 2 2 6 6

V is c o s ity (c P ) 0 .0 2 1 1 2 5 2 0 .0 2 1 2 3 5 -0 .5 1 9 7 5 8 4 0 .0 1 8 4 0 4 3 0 .0 1 8 2 5 8 0 .7 9 4 9 2 3 0 .0 2 3 5 1 0 1 0 .0 2 3 3 1 8 0 .8 1 7 0 9 6

C o m p re s s ib il ity  fa c to r 0 .9 9 6 9 3 5 0 .9 9 6 9 9 5 -0 .0 0 6 0 1 8 4 0 .9 9 9 3 2 7 0 .9 9 9 2 9 0 .0 0 3 7 0 2 0 .9 9 6 9 0 2 0 .9 9 6 7 2 2 0 .0 1 8 0 5 6

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 1 1 .0 1 3 2 5 1 1 .0 1 3 2 5 1 1 .0 1 3 2 5 1 1 .0 1 3 2 5 1 1 .0 1 3 2 5 1 1 .0 1 3 2 5

T e m p e ra tu re (K ) 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5

D e n s ity (k g /m A 3) 1 3 .8 3 2 4 •1 3 .8 8 8 5 8 4 -0 .4 0 6 1 7 6 8 12.0551 1 2 .0 9 6 8 6 9 -0 .3 4 6 4 8 4 1 7 .2 6 8 5 1 7 .2 9 5 3 9 9 -0 .1 5 5 7 6 9

V is c o s ity (c P ) 0 .0 2 1 1 8 5 6 •' 0 .0 2 1 3 2 3 -0 .6 4 8 5 5 3 7 0 .0 1 8 4 8 3 2 0 .0 1 8 3 4 1 0 .7 6 9 3 4 7 0 .0 2 3 6 0 2 1 0 .0 2 3 4 2 5 0 .7 5 0 3 5 7

C o m p re s s ib il ity  fa c to r 0 .9 9 4 4 3 0 .9 9 4 3 6 1 0 .0 0 6 9 3 8 6 0 .9 9 8 8 9 9 0 .9 9 8 8 3 2 0 .0 0 6 7 0 7 0 .9 9 4 3 9 2 0 .9 9 4 3 2 2 0 .0 0 7 0 3 9



Table 5.1 The Comparison of Calculated Properties to GASPAK (Continued)

G A S P A K C ry o S im % D IF F G A S P A K C ryo S im % D IF F G A S P A K C ry o S im % D IF F

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 2 1 .0 1 3 2 5 2 1 .0 1 3 2 5 1 6 .0 1 3 2 5 1 6 .0 1 3 2 5 1 5 1 .0 1 3 2 5 1 5 1 .0 1 3 2 5

T e m p e ra tu re (K ) 2 8 8 .1 5 2 8 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5 3 0 8 .1 5

D e n s ity (k g /m A 3) 2 8 .496 1 2 8 .7 1 9 3 8 -0 .7 8 3 5 4 5 8 1 7 .5 3 3 5 1 7 .5 9 6 2 8 2 -0 .3 5 8 0 6 9 2 4 5 .7 3 9 2 4 5 .0 7 6 7 9 0 .2 6 9 4 7 8

V is c o s ity (c P ) 0 .0 2 0 2 5 2 3 0 .0 2 0 4 1 8 -0 .8 1 8 1 7 8 7 0 .0 1 8 5 6 5 4 0 .0 1 8 4 2 8 0 .7 4 0 0 8 6 0 .0 2 8 1 9 4 6 0 .0 2 8 4 6 2 -0 .9 4 8 4 0 9

C o m p re s s ib il ity  fa c to r 0 .9 8 4 9 3 3 0 .9 8 4 9 2 0 .0 0 1 3 1 9 9 0 .9 9 8 5 8 9 0 .9 9 8 4 9 1 0 .0 0 9 8 1 4 0 .9 5 8 1 6 0 .9 6 2 0 1 5 -0 .4 0 2 3 3 4

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 4 1 .0 1 3 2 5 4 1 .0 1 3 2 5 1 5 1 .0 1 3 2 5 1 5 1 .0 1 3 2 5 1 5 1 .0 1 3 2 5 1 5 1 .0 1 3 2 5

T e m p e ra tu re (K ) 3 1 3 .1 5 3 1 3 .1 5 3 2 3 .1 5 3 2 3 .1 5 3 2 3 .1 5 3 2 3 .1 5

D e n s ity (k g /m A3) 5 1 .312 1 5 1 .6 7 2 6 5 6 -0 .7 0 2 6 7 2 5 1 5 1 .3 4 5 1 5 0 .9 4 5 3 9 3 0 .2 6 4 0 3 7 2 3 0 .8 4 7 2 3 0 .0 9 6 2 2 0 .3 2 5 2 2 9

V is c o s ity (c P ) 0 .0 2 1 9 3 9 9 0 .0 2 2 0 5 1 -0 .5 0 6 3 8 3 3 0 .0 2 2 1 9 4 4 0 .0 2 2 0 3 1 0 .7 3 6 2 2 2 0 .0 2 8 7 4 6 5 0 .0 2 8 9 1 8 -0 .5 9 6 5 9 4

C o m p re s s ib il ity  fa c to r 0 .9 8 2 3 5 9 0 .9 8 1 4 3 8 0 .0 9 3 7 5 3 9 1 .0 4 0 3 5 1 .0 4 2 1 9 6 -0 .1 7 7 4 4 0 .9 7 2 6 2 3 0 .9 7 5 7 8 2 -0 .3 2 4 7 9 2

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 1 5 1 .0 1 3 2 5 1 5 1 .0 1 3 2 5 1 .0 1 3 2 5 1 .0 1 3 2 5 1 .0 1 3 2 5 1 .0 1 3 2 5

T e m p e ra tu re (K ) 3 0 8 .1 5 3 0 8 .1 5 2 7 3 .1 5 2 7 3 .1 5 2 7 3 .1 5 2 7 3 .1 5

D e n s ity (k g /m A3) 1 9 7 .4 9 1 9 6 .8 1 4 7 1 4 0 .3 4 1 9 3 4 3 1 .2 5 0 4 2 1 .2 4 1 1 8 0 .7 3 8 9 5 2 1 .7 8 3 9 5 1 .7 8 4 5 5 2 -0 .0 3 3 7 4 5

V is c o s ity (c P ) 0 .0 2 5 0 4 2 5 •' 0 .0 2 5 3 8 4 -1 .3 6 3 6 8 1 7 0 .0 1 6 6 9 0 2 0 .0 1 6 5 8 8 0 .6 1 2 3 3 5 0 .0 2 1 1 4 3 6 0 .0 2 1 0 2 9 0 .5 4 2 0 0 8

C o m p re s s ib il ity  fa c to r 0 .9 5 5 0 4 8 0 .9 6 3 1 9 9 -0 .8 5 3 4 6 5 0 .9 9 9 5 3 4 0 .9 9 9 5 3 5 -0 .00 01 0 .9 9 9 0 5 7 0 .9 9 9 0 5 0 .0 0 0 7 0 1



Table 5.1 The Comparison of Calculated Properties to GASPAK (Continued)

G A S P A K C ry o S im % D IF F G A S P A K C ryo S im ๐/๐ ๐ !FF G A S P A K C ry o S im ๐/๐ ๐ !FF

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 3 3 3 3 3 3

T e m p e ra tu re (K ) 100 100 100 100 100 100

D e n s ity (k g /r rF 3 ) 1 0 9 0 .8 7 1 0 9 0 .9 9 2 2 -0 .0 1 1 2 0 2 1 1 0 .7 6 0 6 1 0 .765 -0 .0 4 0 8 9 1 5 .5 1 6 8 1 5 .5 0 9 9 0 .0 4 4 4 6 8

V is c o s ity (c P ) 0 .1 5 4 3 0 9 0 .0 3 8 7 6 4 7 4 .8 7 8 9 7 7 0 .0 0 6 9 0 5 3 9 0 .0 2 1 1 9 6 -2 0 6 .9 4 8 6 0 .0 0 8 3 4 4 5 1 0 .0 4 5 9 4 4 -4 5 0 .5 8 9 5

C o m p re s s ib il ity  fa c to r 0 .0 1 0 5 8 4 4 0 .0 1 0 6 -0 .1 4 7 3 8 6 7 0 .9 3 9 3 3 9 0 .9 3 8 9 8 0 .0 3 8 2 1 8 0 .9 2 8 9 1 6 0 .9 2 9 4 -0 .0 5 2 1 0 4

F lu id O x y g e n (7 8 ) O x y g e n N itro g e n (8 6 ) N itro g e n A rg o n (8 3 ) A rg o n

P re s s u re (b a ra ) 7 .5 7 .5 7 .5 7 .5 7 .5 7 .5

T e m p e ra tu re (K ) 100 100 100 100 100 100

D e n s ity (k g /r rF 3 ) 1 0 9 2 .1 5 1 9 0 2 .0 3 4 7 -7 4 .1 5 5 0 7 9 3 0 .5 2 8 5 3 5 8 .3 7 3 4 -1 0 7 3 .8 9 8 1 3 1 3 .6 1 3 1 2 .8 5 2 9 0 .0 5 6 8 7 8

V is c o s ity (c P ) 0 .1 5 5 1 1 1 0 .1 0 8 7 9 4 2 9 .8 6 0 5 5 1 0 .0 0 7 1 8 9 7 6 0 .0 5 3 4 0 6 -6 4 2 .8 0 6 4 0 .1 8 4 4 0 .1 3 0 6 4 4 2 9 .1 5 1 8 4

C o m p re s s ib il ity  fa c to r 0 .0 2 6 4 3 0 .0 2 6 4 5 -0 .0 7 5 6 7 1 6 0 .8 2 7 7 4 0 .4 4 1 3 2 5 4 6 .6 8 3 1 4 0 .0 2 7 4 3 1 8 0 .0 2 7 4 5 -0 .0 6 6 3 4 6
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w as ob ta in e d . There is no the the rm odyna m ic  equa tion  o f sta te , EOS, a ccu ra te ly  

p re d ic tin g  liq u id -va p o r p roperties  at its sa tura tion  b ound ary  b e cause  o f the rap id  

ch a n g e s  o f phase. เท add ition , a lack ing  o f experim enta l data  fo r sa tu ra ted  va p o r 

p roperties  a lso m akes its m ore d ifficu lt. The resu lt of these  co m b in e d  fa c to rs  is less 

a c c u ra c y  in the ca lcu la te d  the rm ophys ica l p ro pe rties  at the sa tu ra ted  liq u id -va p o r 

cond ition .

H ow ever, there  is no reasonab le  w ay to estim ate  errors in the c ritica l reg ion . The 

errors are com p a ra tive ly  large, and ca lcu la tio ns  in this reg ion shou ld  be a vo id e d  if 

poss ib le . For instance, v isco s ity  at p ressure  o f 150 b a r (gauge) and  tem p e ra tu re  of 

308.15 K is a bou t 1.4% u n d e re s tim a te d  if co m p a re d  w ith  the re fe rence  data.

5.3 C om parison  o f p ipe s iz ing  by the deve loped program m e to re fe rence  da ta  sources

The re fe rences  em p loyed  in this w ork  are the results o f ca lcu la tio n  from  

PDROP2-4 and Q C E 343-987. The d ryness  frac tion  and  pressure  d ro p  p ro files  

ca lcu la te d  by  the d e ve lo p e d  p ro g ram m e have been co m p a re d  to those  o f the 

re fe rences. The test results are based  on the d iffe re n t type  o f insulation, p ip e  size  and 

p ipe line  con figu ra tion .

It is co n ve n ie n t to show  the d iffe re n ce  o f the ca lcu la tio n  results by  using  g ra p h s . 

The resu lts  o f d ryness  fraction  at the outle t o f each  p ip e  length  from  the d e v e lo p e d  

p rog ram m e are c lose  to results o f Q C E343-987. E ffect o f d iffe ren t heat in leak from  

am b ien t a ir th rough  the insulation in sam e basis  as equa tion  (3-29) w as c o n s id e re d . 

The heat in leak fo r various insu la tions are g iven  in a p p e n d ix  1.5 o f Q C E 343-987 by 

assum ing  the inner p ip e  is con ta ine d  w ith  an ou te r 150 mm o u ts ide  d ia m e te r o f PVC 

pipe.

C ons idering  e a s e l.  1a, the heat in leak fo r po lyu re thane  insu la tion  is 0 .0258 

k j/s /m  fo r liqu id  n itrogen bu t the resu lt o f d e v e lo p e d  p ro g ram m e is 0 .0111346  k j/s /m  in 

the sam e con figu ra tion  o f 1 inch inner p ipe  and 150 mm outer p ipe . The m ean therm al 

co n d u c tiv ity  of the insulation used in this ca lcu la tio n  is the sam e va lue  as tha t o f the 

re ference. Therefore, the im portan t pa ram eters  are ou ts ide  d ia m e te r o f ou te r p ip e  and 

the m ean convec tive  heat trans fe r coe ffic ien t.



63

The m ean co n ve c tive  heat transfe r co e ffic ie n t ca lcu la te d  from  equa tio n  (3-24) or 

(3-25) has an a c c u ra c y  a bou t ± 2 5 % . It is used  in the d e ve lo p e d  p ro g ram m e to ca lcu la te  

heat in leak by  using  the the rm ophys ica l p ro pe rties  of flu id  at sa tura ted  p ressu re  o f in let 

p ressure. The sa tu ra ted  cond ition  used in Q CE is the sa tu ra ted  pressure  and 

tem pera tu re  at b o iling  po in t of n itrogen. Therefore , the gas qua lity  c a lcu la te d  from  a 

basis o f fixe d  heat in leak and latent heat o f vapo riza tio n  at that sa tu ra ted  con d itio n  is 

d iffe ren t from  the c a lcu la te d  result o f d e ve lo p e d  p rog ram m e (figu re  5.6). These 

d iffe re n ce s  b e co m e  sm a lle r if using flu id  p ro p e rtie s  at the sam e cond ition .

F igure 5.7 a) and b) d isp la y  the results o f gas qua lity  at the exit o f each  p ipe  

section. For the p ipe  section  no. 4, 5 and 6 o f case  1.1a, d ryness frac tion  c a lcu la te d  

from  the d e v e lo p e d  p rog ram m e is h igher b e ca u se  QCE use a fixed  heat in leak to 

ca lcu la te  ga s  q u a lity  even though p ipe  size is c h a n g e d .

เท the d e v e lo p e d  program m e, the p ip e  size  and  flow  rate c h a n g in g  are 

co n s id e re d  fo r p re d ic tio n  o f the gas qua lity . The va lue  o f heat in leak sho u ld  becom e 

sm alle r as p ipe  size  is decre a se d  as show n in figu re  5.8. The m axim um  e rro r o f heat 

in leak is 62.4%  fo r po lyu re thane  insulation in case  1.1 and  1.3.
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Figure 5.6 Summary of the relative error for outlet dryness fraction
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Figure 5.7 The results of outlet dryness fraction for case 1.1.
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Figure 5.8 The result of heat inleak for case 1.1



66

Casel .2

Eไภ“วะ2.

3.00E-02
2.00E-02
1.00E-02

O.OOE+OO

- ♦ —  QCE343-987 

-e -C R Y O S IM

1 2 3 4 5

Pipe length no.

a) H eat in leak

Case1.2

QCE343-987 1 2 3 4 5
CRYOSIM Pipe length no.

ช) O utle t d ryness  frac tion

Figure 5.9 The results of outlet dryness fraction and heat inleak for case 1.2
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Figure 5.10 The results of outlet dryness fraction and heat inleak for case 1.3.
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Figure 5.11 The results of outlet dryness fraction and heat inleak for case 2.1.
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Figure 5.12 The results of outlet dryness fraction and heat inleak for case 2.2.
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Figure 5.13 The results of outlet dryness fraction and heat inleak for case 2.3.
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Figure 5.14 The results of outlet dryness fraction and heat inleak for case 3.
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Figure 5.15 S um m ary o f re la tive e rro r fo r heat in leak

Figure 5.9 and 5.10 d isp la y  the ca lcu la tio n  results o f ca se  1.2 and  1.3, 

respective ly . As can  be seen, it is a lm ost the sam e as that o f case  1 a lthoug h  the flow  

rate is ch a n g e d . The gas qua lity  is inc reased  w ith a d e cre a se  in flow  rate o f flu id . The 

results from  case  2 and  3 are used to p roo f the e ffec t o f flu id  p ro p e rtie s  and  insu la tion  

type  fo r p re d ic tio n  of gas qua lity  as d isp la ye d  in figu re  5.11 to 5.14. For case  2 . la n d  3, 

the m axim um  errors o f heat in leak and ga s  qu a lity  are 0 .89%  and 6 .55%  respective ly . 

The erro r o f es tim ated  heat in leak by  using equa tion  (3-27) is ve ry  low. M oreover, the 

gas q u a lity  varies in sm all range w ith the d iffe re n t o f inpu t flu id  p rope rties . C on s id e rin g  

case  2.2 and 2.3, the heat in leak es tim ated  by d e ve lo p e d  p ro g ra m m e  to po lyu re th ane  

insulation is a bou t 10.55 tim es h igher than tha t co rre sp o n d in g  to vacuum  insu la ted  p ipe. 

The re la tive  e rro r d is tribu tio n  o f heat in leak fo r all cases  show n in fig u re  5 .15 has s im ila r 

pa tte rn  as co m p a re d  w ith that o f exit gas qua lity .



73

T o ta l P re s s u re  D ro p

6 0 .0
e

4 0 .0 o o

8 D 8 ๐ C a s e 1 .1 a

%  D IF F  2 0 .0 X -----------------  »
O C a s e 1 .1 b

๐
0 .0 D ร -  _! X ! 1 1 X 1 D C a s e 1 .2

-2 0 .0 1 2 3 4 5 6 *  C a s e 1 .3

P ip e  le n g th  no.
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Figure 5.17 S um m ary o f re la tive e rro r fo r to ta l p ressure  d ro p  o f case  2
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Figure 5.18 S um m ary of re lative e rro r fo r to ta l p ressure  d ro p  o f case  3

The resu lts  o f to ta l p ressure  d ro p  in each  p ip e  sec tion  o f case  1, 2 and  3, w h ich  

are c a lcu la te d  by  de ve lo p e d  p rogram m e and re fe rence  sou rce  are show n in fig u re  5.16, 

5.17 and 5.18, respective ly . Results o f p ressure  d ro p  เท ve rtica l up flow  are over 

estim ated  in sm all range. W hen lines have both  horizonta l and  ve rtica l legs o f the sam e 

line size, s lu g g in g  w ill o c c u r p re fe ren tia lly  in the ve rtica l leg. The p re d ic tio n  o f fric tion  

p ressure  loss is h igh fo r s lug flow . For the ve rtica l dow n flo w  o f case  2.2, the pressure  

d rop  is m uch u n d e r estim ated  b e cause  gas lock ing  takes p lace  เท the  p ip e  w ork. The 

gas lock ing  can  be iden tified  by the h ighest gas q u a lity  in each  p ipe  length. Therefore , 

flood in g  liqu id  increases pressure  d rop , reduces  the ava ilab le  s ta tic  head, and  can 

d ra s tica lly  re d u ce  the ca p a c ity  o f p ipe. เท m ost insta lla tions, the pressure  re q u ire d  to 

raise the liqu id  or p ressure  gain from  fa lling  liqu id  w o u ld  be m ore s ig n ifica n t than the 

pressure  loss in overcom ing  fric tion .

The flow  m echan ism  in all cases is tu rb u le n t-v isco u s  flow, w h ich  is asso c ia te d  

w ith sm all d ryness  fractions. All ca lcu la tio ns  are base d  on tu rb u le n t-tu rb u le n t co n d itio n  

w ith d iffe ren t fric tion  facto r. The Fanning fric tion  fa c to r in Q CE is ca lcu la te d  w ith  the
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with d iffe re n t fric tion  facto r. The Fanning fric tion  fa c to r in QCE is ca lcu la te d  w ith  the 

e xp lic it C hen equa tio n  bu t the d eve lop ed  p rog ram m e m akes use o f C h u rch ill’s equation , 

w h ich  co ve rs  the co m p le te  range of R eynolds num ber. The erro r เท using C hurch ill's  

equation  is less than ± 1%  a cco rd in g  to the w ork  o f Sw am ee and Jain. The tw o -phase  

m u ltip lie r is a fu n c tio n  o f d ryness fraction  and stream  pressure  for both  ca lcu la tio ns .

C on s id e rin g  case  4, the ca lcu la te d  results from  the d e ve lo p e d  p ro g ra m m e  and 

re ference so ftw are  are show n in tab le  5.2. D iffe rence  o f this case  can  be a lso d e s c rib e d  

by the prev ious reasons.

Table 5.2 C om parison  o f total p ressure  d ro p  of p ipe  w ork  in case  4

Total p ressu re  d ro p (m b a r) PDROP2-4 CRYOSIM ๐/๐ ๐ !FF

S uction 16 10.4547 34.65

D ischa rge 1309.4 686.946 47.54

The te s t co n d itio n s  in case  5 are tu rbu len t-tu rbu len t flow  cond itio n . Therefore, 

the tw o -phase  m u ltip lie r co rre la tion  o f both  p rog ram s can  be e m p lo ye d  to p re d ic t fric tion  

pressure  d ro p  o f p ip e lin e  by  chang in g  the flow  rate, upstream  pressure  and  type  o f 

c ryogen. The ca lcu la tio n  results are show n in tab le  A -6 o f a p p e n d ix  A.

The m axim um  error o f p ressure  d ro p  is 56.25%  un d e r es tim a ted  at low est flow  

rate and is 20 .50%  over es tim ated  at h ighest flow  rate. The gas qua lity  at h ighes t flow  

rate is low er than 0.001. It e ffec ts  ca lcu la tion  o f the re fe rence  p ro g ra m m e  by c h a n g in g  

the ca lcu la tio n  m ode to s ing le  phase flow . The d ryness  fra c tio n  beco m e s  c lo se d  to

0.001 by  in c reas ing  the flow  rate and reduc ing  upstream  pressure . The d iffe re n ce  

betw een results o f the d e v e lo p e d  p rogram m e and those o f the re fe rence  p ro g ra m m e s 

increased  w ith  flow  rate as show n in tab le  A-6.
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5.4 U ser recom m endations

This p ro g ra m m e  is d eve lop ed  for p ropose  o f s iz ing  p ip e lin e  and  estim ating  the 

pressure  d ro p  fo r both  s ing le  and tw o-phase  flow s o f c ryo g e n ic  flu ids. The dem o vers ion 

of d e ve lo p e d  p ro g ram m e is d is tribu ted  to p ro je c t eng ineers , p ro ce ss  eng ineers , and 

eng ineering  m an a g e r o f Thai Industria l G ases PLC. and  BO C G roup. They have 

recom m enda tions  fo r the im provem ent of p rog ram m e as below .

They d o  not u n de rs tan d  som e ca lcu la tio ns  in m ain p ro g ra m m e  and som e tools in 

the d a ta b a se  b e ca u se  the dem o vers ion does not have the he lp  file  to assist them  to 

learn how  to use the d e ve lo p e d  p rogram m e in the  rig h t way.

Som e o f them  test this p rogram m e w ith the ex is ting  s im u la to r su ch  as PDROP2-4 

and FLO W M ATE, w h ich  are de ve lo p e d  in BO C G roup, the resu lts o f com p a riso n  are 

d iffe ren t in term  of va lue  for the pressure  loss bu t have the sam e trend. P ipe size 

ob ta ine d  from  the p re d ic tio n  of this p rog ram m e agrees w ith the co m m e rc ia l p ip e  size. 

H ow ever, th is p ro g ram m e can  not p rov ide  p ipe  s ch e d u le  in fo rm ation  tha t is co m p a tib le  

w ith s tream  pressure.

For the user in te rface , users com m ented  that it is b e tte r than ex is ting  p rog ram m e 

running on DOS. The da ta b a se s  o f flu id  p rope rties  are easy to keep  and be m od ified . 

They s u g g e s te d  im prov ing  the p rogram m e to p rov ide  o ther fu nc tions , such  as 

d isp lay in g  g raph , p ic tu re  or p ro v id in g  m ultim edia  serv ices.

For the m ain p rog ram m e, it shou ld  have som e g u id in g  m essages that can  he lp  

the user to identify  the lim ita tion  or bound ary  of inputs. The g ra p h ic  m ode  used to ske tch  

the con fig u ra tio n  o f p ip ing  system  shou ld  be m od ified  as be w orked  in three 

d im ensions. The ca lcu la tio n  report shou ld  be iden tified  som e pa ra m e te rs  fo r the user 

w ho does not ge t used to tw o -phase  flow  ca lcu la tion .
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