
CHAPTER III

C A L C U L A T IO N  B A S IS

3.1 C ryogen ic  S ystem  Defin ition

O rig ina lly , c ryo g e n ics  re fe rred  to the te c h n o lo g y  and art o f p ro d u c in g  low 

tem pera tu res  (from  the G reek w ords  k r u o s  fo r fros t and  g e n o s  fo r o rig in  o r crea tion). 

Today, c ry o g e n ic s  has com e to d e s c rib e  the s tudy  o f phenom ena, te ch n iq u e s  and 

co n ce p ts  o c c u rrin g  at or pe rta in ing  to tem pera tu res  b e low  120 K. Thus, c ryo g e n ics  

dea ls  w ith tem pera tu res  tha t canno t be usua lly o b se rve d  on or near the Earth under 

natural cond itio ns . The position  and  range  o f the fie ld  o f c ry o g e n ic s  are illus tra ted  on a 

logarithm ic  the rm om ete r in F igure 3.1.
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It is im portan t to note tha t a lthough  the orig ins o f c ryo g e n ics  are a sso c ia te d  w ith 

very low tem pera tu res , lique faction  o f pe rm anen t gases and, u ltim ate ly , the qu e s t fo r 

abso lu te  zero, m odern  c ryo g e n ic  te ch n o lo g y  is co n ce rn e d  w ith  co o lin g  and 

re frige ra tion  system s at all tem pera tu res be low  am bient.

เท the fie ld  o f c ryo g e n ic  eng ine ering , one is co n ce rn e d  w ith  d e ve lo p in g  and 

im prov ing  low- te m pera tu re  techn iques, p rocesses, and  equ ipm e n t. As co n tra s te d  to 

low -tem pera tu re  phys ics , c ryo g e n ic  e ng ine e ring  prim arily  invo lves the p ra c tica l 

u tilization o f low -tem pera tu re  phenom ena, ra ther than bas ic  research , a lthoug h  the 

d iv id in g  line be tw een  the tw o fie lds  is not a lw ays c lea r-cu t.

A  system  m ay be de fined  as a co llec tion  o f co m p o n e n ts  un ited  b y  de fin ite  

in te ractions or in te rd e p e n d e n c ie s  in o rd e r to perfo rm  a de fin ite  func tion . เท genera l, we 

shall use the term  c ry o g e n ic  system  to re fer to an in te rac ting  g ro u p  o f co m p o n e n ts  

invo lv ing  low  tem pera tu res . A ir-liq u e fa c tio n  p lants, helium  re frige ra to rs , p ip in g  and 

s to rage  vesse ls  w ith  a ssoc ia ted  con tro ls  are som e exam ples  o f c ry o g e n ic  system s.

The analysis and des ig n  o f c ry o g e n ic  system s is base d  on fundam en ta l 

phys ica l laws. For these laws to be  a p p lic a b le , w e m ust above  all ch o o se  a 

rep resen ta tive  the rm o d yn a m ic  system  iso la ted  from  its su rro u n d in g s  by  a 

the rm o d yn a m ic  boundary . Such a system  m ay be any m a cro s c o p ic  o b je c t o f s tudy, say 

a c ryo g e n ic  a p p a ra tu s  or any pa rt the re o f or a m ach ine  o r its part, e tc. A  

th e rm odyna m ic  system  m ay or m ay not e xchang e  m ass and  e n e rg y  w ith  its 

su rround in gs  across the bound ary , and externa l fo rces  m ay be a p p lie d  to the 

boundary. The system  boun d a ry  m ay be trea ted  as be ing  rig id  (as e xe m p lifie d  by 

m echan ica l insulation or p ro ce sse s  at constan t vo lum e) or as p e rfe c tly  e las tic  (as 

exem p lifie d  by p ro ce sse s  at constan t p ressure). The b o u n d a ry  m ay be  im p a rte d  the 

p roperties  of an ideal therm al insu la tion  (as in a d ia b a tic  system s), or any o the r qua lities
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3.2 The P roperties o f C ryogen ic Fluids

Physical and the rm odyna m ic  p ro pe rties  of c ry o g e n ic  flu ids  constitu te  im portan t 

data  tha t are neede d  for the des ig n  of c ryo g e n ic  p ip in g  system s. T ab le  3.1 

sum m arizes som e of the m ore im portan t p rope rties  fo r a num ber o f c ry o g e n ic  flu ids. 

The c ry o g e n ic  reg ion of this a p p lica tio n  is ch a ra c te rize d  p rin c ip a lly  by  three flu ids: 

n itrogen, oxygen  and argon.

3.2.1 P roperties o f P articu lar C ryogens

C ryogens are the liqu id , or u n d e r a p p ro p ria te  co n d itio n s  so lid , form  of 

subs ta n ce s  m ore usua lly e ncoun te red  as a gas and c h a ra c te rize d  by the ir ex trem ely  

low bo iling  points.

1. N itrogen

L iqu id  n itrogen is a c lear, co lo rless  flu id , w h ich  resem bles  w a te r เท a p p e a ra n ce . 

A t one atm  pressure  liqu id  n itrogen boils  at 77.4 K and freezes at 63.2 K. L iqu id  

n itrogen is w id e ly  used as co ld  source .

N itrogen is p resen t in the a tm o sp h e re  at a conce n tra tio n  o f 78.1 p e rc e n t by 

vo lum e or 75.5 pe rce n t by w e igh t and  is p ro d u c e d  co m m e rc ia lly  by d is tilla tio n  o f liqu id  

air. The sa tu ra ted  liqu id  n itrogen has a de n s ity  less than tha t o f w ater. N itrogen  is a gas 

in norm al a tm ospheric  cond itio ns  (1 5 °  c  and 760 m m  H g). It is co lo rless, o do rless  and 

taste less. It is nonflam m ab le  gas.

It is the m ain ing red ie n t of a tm o sp h e ric  air. N itrogen  is in ca p a b le  o f m a in ta in ing 

resp ira tion  or com bustion , but p lays an essentia l role as an e lem ent o f liv ing  m atter 

(anim al and p lant), and  p a rtic ip a te s  in the co m p le x  natura l p rocess  o f trans fo rm ation  of 

matter.

N itrogen is su p p lie d  e ither as a p ressu rized  gas in cy linde rs , or as a liqu id  at low 

tem pera ture , under its own v a p o r p ressure . A lthoug h  n itrogen is a p h ys io lo g ica lly  inert,
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nontoxic  gas can p resen t a sa fe ty  hazard  as an asphyx ian t. This d a n g e r is not co n fin e d  

to n itrogen bu t m ay o c c u r in any o therw ise  safe  a tm osphere  w here  the oxygen  level falls 

be low  20%  by volum e.

2. O xygen

L iqu id  oxygen has a ch a ra c te ris tic  b lue color, w h ich  is th o u g h t to be cau se d  

e ithe r by the p resence  of the po lym er or long-cha in  m olecu le  o  4 o r by  the unpa ire d  

e lectrons tha t are respons ib le  fo r pa ram agn e tism  in liqu id  oxygen . A t 1 atm  pressure  

liqu id  oxygen  boils at 90.2 K and freezes at 54.4 K. Satura ted liqu id  oxyg e n  at 1 atm  is 

m ore dense  than w a te r at 6 0 °F . L iqu id  oxygen  is s ligh tly  m a g n e tic  in con tra s t to the 

o ther c ry o g e n ic  flu ids, w h ich  are nonm agnetic .

L iqu id  oxygen  is ch e m ica lly  reactive , e sp e c ia lly  w ith h y d ro ca rb o n  m ateria ls. 

B ecause o f its chem ica l activ ity, oxygen  presen ts  a safe ty  p rob lem  in hand ling . Serious 

exp los ions have resu lted  from  the co m b ina tio n  o f oxygen and h yd ro ca rb o n  lub rican ts .

O xygen w ith  an a tom ic n um ber o f 16 has three s tab le  iso topes o f m ass 

num bers  1 6 ,1 7  and 18. The re lative a b u n d a n ce  o f these three iso topes is 10,000:4 :20.

O xygen is a gas in norm al a tm o sp h e ric  cond itio ns  (1 5 °  c  and  760 m m  Hg). 

O xygen is in d isp e n sa b le  fo r the m a in tenance  o f life and  for com bustion . It is co lo rless, 

odorless  and  taste less.

It accoun ts  fo r 20.94 p e rce n t by vo lum e o f the a ir w e brea the . O xyg e n -p o o r 

a tm ospheres  (less than 17% oxygen by vo lum e) cause  serious d a m a g e , c a p a b le  o f 

lead ing  to death  by asphyx ia tion  if the oxygen  con ten t b ecom es e xce ss ive ly  low  (less 

than 12% by volum e).

O xygen is a h igh ly  reactive  gas, w h ich  co m b in e s  d ire c tly  w ith  m ost e lem ents  to 

form  ox ides  in a c c o rd a n c e  w ith tem pera tu re  cond itions . H ence ce rta in  e lem ents  like 

phosph orus  and m agnesium  ign ite  spon tan eous ly  in oxygen  (or in air), w h ile  nob le  

m etals are only s low ly o x id ized  at ve ry  high tem pera tures.

O xygen is m anu fac tu re d  in la rge quan tities  by  d is tilla tion  o f liqu id  a ir and  is 

sh ip p e d  e ither as a gas unde r h igh pressure  in cy linders , or as a liqu id  at low 

tem pera tu re  under its own v a p o r pressure.
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3. A rgon

L iqu id  argon is a c lear, co lo rless flu id  w ith  p rope rties  s im ila r to those  o f liqu id  

n itrogen. A t one atm  pressure  liqu id  a rgon  bo ils  at 87.3 K and freezes at 83.9 K. 

S atura ted liqu id  argon at one atm is m ore den se  than oxygen, as one w ou ld  expect, 

s ince  argon  has a la rger m o lecu la r w e ig h t than oxygen.

A rg o n  has three s tab le  iso topes o f m ass num bers  36, 38 and 40, w h ich  o c c u r in 

a re la tive a b u n d a n c e  in the a tm osphere  in the  ra tios 338:63 :100,000.

A rg o n  is p resen t in a tm ospheric  a ir in a co ncen tra tion  o f 0 .934 p e rce n t by 

vo lum e or 1.25 p e rce n t by w e igh t. S ince the bo iling  po in t o f a rgon  lies be tw een  tha t of 

liqu id  oxyg e n  and that of liqu id  n itrogen (s ligh tly  c lo s e r to that of liqu id  oxygen), a c rude  

g ra d e  o f a rgon  (90 to 95 p e rce n t pure) can  be o b ta in e d  by  a d d in g  a sm all aux ilia ry  

a rg o n -re co ve ry  co lum n in an a ir-separa tion  p lant. A rg o n  is d e live red  e ithe r as a gas 

under h igh  pressure , or as a liqu id  at low  tem pera tu re .

A rgon  is a gas in norm al a tm ospheric  co n d itio n s  (15°c and 760 mm H g). It is a 

co lo rless, odorless  and taste less gas. P erfect phys ica l and  ch e m ica l s tab ility  

d is tingu ish  it. It is a nontoxic, nonflam m ab le  gas. By d isp la c in g  the oxygen  เท the  air, it 

m ay have harm ful e ffec ts  on organ ism , by  re d u c in g  the partia l p ressure  o f oxygen  and 

ac ting  as an asphyx ian t.

O w ing  to its chem ica l inertness at e leva ted  tem pera tu res, argon is e m p lo ye d  for 

w e ld in g  in inert gas a tm ospheres. A rgon , e ithe r pu re  or con ta in ing  tra ce s  o f ca rb o n  

d iox ide , oxygen , hydrogen  and helium , is the m ost w id e ly  used gas in w e ld in g  

a p p lica tio n s  invo lv ing  m ild and sta in less steels, a lum inum  and ligh t a lloys, m agnesium , 

titan ium , e tc.

A rg o n  is a lso e m p loyed  in m eta llu rgy  for heat trea tm ent in a p ro tec tive  

a tm osphere , no tab ly  fo r annea ling  o f high ca rb o n  steels, fo r w h ich  d e ca rb u riza tio n  is to 

be avo ided . It serves as a ca rrie r gas fo r s ilane  in the d epos ition  and  e p ita x ic  g row th  o f

s ilicon.



Table 3.1 Thermophysical Properties of Cryogens Air
dew poini = 82K

Helium H ydrogen Neon Nitrogen Argon Oxygen M ethane Krypton Xenon Ethylene Ethane Solid CO :

Chem ica l  ร)Tทbol He Hz Ne N: Ar 02 C ll  4 Kr Xe C:II< C 2 1  น CO :

M o le cu la r  Weight 4 2 20 23 40 32 16 84 131 28 30 4-1

s a t u r a t i o n  tem pe ra tu re  (boiling point) at 
1 bar.  K (°C) (-269)

20.3
(-253) ( *246) ( - 196)

87.3
(-186)

90.2
(-183)

111.7
(-161)

121.4
(-152)

164.1
(-109)

169.3
(-104)

184 6
(-89)

195 (-78)
( sublimes)

Freezing tem pe ra tu re .  K (°C) -
(-259)

24.5
(-249)

63.3
(-210)

84.0
(•189)

54.8
(-219)

90 6 
(-183)

104.2
(-169)

133.2
(-140)

104.2
(-169)

89 9
(-183)

(-56.6 at 
5 27 bar)

Cri t ical  tem pera ture .  K (°C)
(-268) C-240) (-229)

126
(-147)

151
(-122)

154
(-119)

191
(-82)

210
(-63)

290 
( + 17)

283 
( + 10)

305
( + 32) . S t .

Cri t ical  pressure,  bar 2.3 13 4 27.8 34.5 495 51.4 47 56 60 52.5 49.7 73 8

Expans ion  ra tio - increase in volume as 
liquid at 1 bar boils to gas at 1 bar, 15°c 738 826 1417 678 820 843 626 677 556 489 437 812

(solid-gas)

Density  of  sa tu ra ted  liquid at 1 bar (kg m ° ) 125 70 1200 804 1390 1142 424 2400 3100 565 546 1513
(solid)

Rela tive gas densiry ( referenced to dry air 
at l b a r ,  15°c, densiry 1.21 kg m ° )

0.14 0.07 0.70 0.98 1.40 1.12 0 5 6 2.93 4 61 0.97 1.05 154

L aten t  hea t  of vaporisa tion  (cooling 
p o te n t ia l  of phase change) (ht| . kJ k g '1)

23.9 451.9 87.0 199.2 162.7 212.9 577.4 108.0 96.2 483.4 488 3 654
( solid-va p)

F ire /e rp los ion  hazard no flammable no no no yes flammable no no flammable flammable no

Air liquefaction hazard yes yes yes yes no no no 1 no no no no no

Noic:  With Ihc cxccpcion of  liquid oxygen which is light b lue  all Ihc liquid cryogens i re  colourless.
พ !  Ih Ihc exception of C 2I เ4 and C i l l é  which have a slight anaesthet ic  effect and C O 2 which is mildly toxic (T L V  5000 ppm ) all the cryogens listed arc  considered non-toxic
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The s ta te  o f a substance  at any instant is de te rm in e d  by its the rm o d yn a m ic  

p roperties . These p rope rties  inc lude  pressure  (P), te m pera tu re  (T), vo lum e (V), internal 

energy (บ ), en th a lp y  (H) and en tropy (ร). For a pure  su b s ta n ce  in equ ilib rium , that is a 

subs ta n ce  o f un iform  and invariant chem ica l co m p o s itio n  not unde rg o in g  any change , 

the th e rm o d yn a m ic  state is un ique ly  de fined  by  tw o p ro pe rties  only. It fo llow s that any 

o ther (d e p e n d e n t) p ro p e rty  m ust be a function  o f the chosen  pa ir o f in d e p e n d e n t 

p rope rties  and  can be de te rm ined  a cco rd in g ly . This is know n as the tw o -p ro p e rty  rule. 

For the sp e c ia l case  o f sa tura tion  cond itio ns  w here  tw o phases coex is t, p ressure  and 

tem pera tu re  are dep e n d e n t. Ftowever, the tw o -p ro p e rty  ru le still a pp lie s  s ince  in o rd e r 

to fu lly  de fine  the the rm odyna m ic  state the re la tive  p ropo rtion s  o f the phases is 

requ ired  (the d ryness  fraction) w h ich  is there fore  e ffe c tive ly  an add itio na l p roperty .

The re la tionsh ip  betw een p rope rties  m ay be p resen ted  g ra p h ica lly , as 

equa tio ns  (equa tions of state) or in the form  o f tab les. เท the sp e c ia l ca se  o f a 

su b s ta n ce  tha t app ro x im a te s  to an ideal gas, the re la tionsh ip  be tw een the rm o d yn a m ic  

p rope rties  is e xp re sse d  by a s im p le  equation  o f s ta te  tha t can  be d e rived  from  k inetic  

theory. H ow ever, in genera l, the equation  o f s ta te  fo r a real sub s ta n ce  is m uch m ore 

c o m p lic a te d  than this and m ust be derived  em p irica lly . Such equa tions are usua lly 

p resen ted  as co m p u te r codes  that m ay then be used to genera te  p ro p e rty  d ia g ra m s 

and tab les. เท p ra c tice , p rope rty  d iag ram s and ta b le s  are usua lly p re fe rred  un less the 

behav io r o f the real substance s  can be a p p ro x im a te d  as tha t o f an ideal gas.

T h rougho u t this section, the w ord  “d a ta " is used  to re fe r to expe rim en ta l 

m easurem ents. The term  'fo rm ula tion" re fers to the equa tio n  or equa tio ns  nece ssa ry  to 

ca lcu la te  flu id  p rope rties  from  corre la tion . The term  "fundam en ta l e q u a tio n ” is used to 

d e s c rib e  the equa tio n  of state  used in severa l m ethods  o f deve lo p in g  th e rm o d yn a m ic  

p ro p e rty  fo rm ula tions. The form  o f the fundam en ta l equa tio n  used in the ce n te r fo r 

A p p lie d  T herm odynam ic  S tudies is a d im ens ion less  po tentia l function

3.2.2 Thermodynamic Properties

cc( ô ,t ) = a°(5,x) + a(5,x) (3-1)
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w here  a 0 is the d im ension less H elm holtz  en e rg y  fo r the ideal gas, T = Tc / T,

ร = p/pc and a  is the  real flu id con tribu tio n  to the d im ens ion less  H e lm ho ltz  energy, 

w h ich  is g iven  by

a(5,x) = I N k6 i i ;]e x p ( -y 5 1)  (3-2)i=l
w here y = 0 if ไ = 0 and  y = 1 if ไ > 0 . The va lue  o f j  is g e ne ra lly  e xp e c te d  to be 

g re a te r than zero , and 1 and ไ are in tegers g re a te r than or equa l to zero.

The p rim ary  data  sets that are requ ired  for de te rm in in g  the fundam en ta l 

equation  are the P — p — T  data  and the ideal gas heat ca p a c ity , C p ° ( T )  to d e fine  the 

ideal gas p rope rties . V apor p ressure  and co e x is te n ce  de n s ity  da ta  are requ ired  to 

de fine  phase e q u ilib riu m  cond ition , cons is ten t w ith  the M axw ell c rite rion.

It is ge n e ra lly  p re fe rab le  to se lec t the term s to be used in Equation (3-2) based  

on the s ta tis tica l s ig n ifica n ce  o f each term  and the s ta tis tica l ana lys is  o f the overa ll 

equation . A n e xce lle n t p rocedure  is the s tepw ise  leas t-squa res  te ch n iq u e  w ith  a 

search  and se lec tion  p ro ce d u re  in troduce d  by W a gner (1974) and m od ified  fo r use on 

equations o f s ta te  by  de  Reuck and A rm strong  (1979). The se lec tion  p ro ce d u re  se lects  

an op tim um  g ro u p  o f te rm s from  a p ro p o se d  bank o f term s. A t the ce n te r fo r A p p lie d  

T he rm odynam ic  S tud ies, a bank o f 100 term s has been used from  the fo llow ing  range 

of i  , j  and ไ .

W ith 1 = 0 ,  i  = 1 to 6 (in tegers), j  = 0.25 to 7 (0.25 increm ents);

w ith ไ = 2 to 6 (in tegers), i  = 1 to 8 (in tegers), j  = 1 to 24 (in tegers).

S ince all p ro pe rties  m ay be ob ta ine d  from  a fundam en ta l equa tion  as deriva tive  

functions, co m p u te r co d e s  have been w ritten  w h ich  ca lcu la te  p rope rties  fo r all o f the 

fo rm ula tions using the fundam en ta l equation  (3-1) w ith  equa tio n  (3-2) used fo r real gas 

con tribu tion  w ith any of va lues o f i  , j  and  ไ w ith in  the  bo u n d s  listed above. Tab le  

3.2 inc ludes re fe rences to the equations of state  used fo r the fo rm u la tions o f se lec ted  

c ryo g e n ic  flu ids.
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The fundam en ta l equation  is usua lly d e v e lo p e d  to a ccu ra te ly  rep resen t the 

phase e q u ilib rium  data . Satura ted liqu id  and sa tu ra ted  va p o r p ro pe rties  are ca lcu la te d  

ite ra tive ly  using the M axw ell criterion. H ow ever, in som e cases  it m ay be  p re fe rab le  to 

de fine  the phase  equ ilib rium  states w ith a va p o r p ressu re  equa tion  and ca lcu la te  the 

sa tura tion  d ens itie s  as a function  o f satura tion  tem pera tu re  and v a p o r pressure .

The use o f in d e p e n d e n t function  to de fine  co e x is te n ce  p ro pe rties  in troduce s  

the rm o d yn a m ic  incons is te nc ies  in the ca lcu la te d  p roperties . It is, there fore  d e s ira b le  for 

the fundam en ta l equa tio n  to adhere  c lose ly  to the M axw ell crite rion .

Table  3.2 R e co m m e n d e d  Form ulations fo r S e lected  C ryo g e n ic  F luids

C ry o g e n ic

flu id

R e fe re n c e E q u a tio n  

o f s ta te

N o. o f 

T e rm s

A c c u ra c y  

(% p)
T e m p .

ra n g e ,

K

M a x im u m

p re s s u re ,

M p a

N itro g e n J a c o b s e n , e t al. 

(1 9 8 6 )

3 -1 ,3 -2 28 0.1 6 3 -2 0 0 0 10 00

O x y g e n W a g n e r, e t al. 

(1 9 8 6 )

3 -1 ,3 -2 32 0.1 5 5 -3 5 0 80

A rg o n S te w a rt, e t al. 

(1 9 8 9 )

3 -1 ,3 -2 28 0.1 8 4 -1 2 0 0 10 00

The func tion  used fo r ca lcu la tin g  pressure , co m p re ss ib ility  fa c to r, internal 

energy, en tha lpy, en tropy, isochoric  heat ca p a c ity , isoba ric  heat c a p a c ity , G ib b s  

energy, and the ve lo c ity  o f sound  from equation  (3-1) are g iven  as E quations (3-3)-(3- 

11). These func tions  w ere  used in ca lcu la tin g  the m onograp h  tab les  o f th e rm o d yn a m ic  

p roperties  o f se le c te d  c ryo g e n ic  flu ids.

The co m p re ss ib ility  fa c to r is g iven  by the equa tions

Z = p /(p  RT) = 1 + 5(5 a/db) (3-3)
and

p /p c= {5/(tZ c)}{1+ (d a/db)} (3-4)
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Sim ilarly,

บ / ( R T )  =  x { ( 5 a 7 5 x ) + ( 5  a / 5 x ) } ,  (3-5)

S /R  =  x { ( 5 a 7 5 x ) + ( 5  â / 0 T ) } - a ° -  a ,  (3-6)

H / ( R T )  =  x { ( 5 a 7 5 x ) + ( 5  ๙ 5 x ) } + 5 ( 5  ๙ 5 Ô )+ 1 , (3-7)

G / ( R T )  = 1 +  oc° +  a  +  5 ( 5  â / 5 5 ) ,  (3-8)

C v/R  =  - X  2{ ( 5 2a 7 5 x  2) + ( 5 2 a / 5 x 2) } ,  (3-9)

C p /R  =  (C v/ R ) + [ {  1 + 5 ( 5  ๙ 5 ô ) - 6 x ( 5 2 â / 5 5 5 x ) }

/ ( 1 + 2 5 ( 5  â / 5 ô ) + 5 2( 5 2 â / 5 ô 2) } ] 2, (3-10)

พ 2/ ( R T )  =  1 + 2 5 ( 5  â / 5 ô ) + ô  ( 5 2 â / 5 ô 2) -

[ { 1 + 5 ( 5  a / 5 ô ) - ô x ( 5 2 â / 5 5 5 x ) } 2 /

{ x 2( 5 2a ° / 5 x 2)  +  x 2( 5 2 a / 5 x 2) } ] .  (3-11)

The dens itie s  fo r the sa tu ra ted  liqu id  and  sa tu ra ted  v a p o r w e re  ca lcu la te d  

ite ra tive ly  from  the fundam en ta l equation . The de rive d  p ro p e rtie s  fo r sa tura tion  states 

w ere c a lcu la te d  as functions o f tem pera tu re  and  d e n s ity  using s tanda rd  

the rm o d yn a m ic  re la tions. Table entries fo r the liq u id -va p o r sa tura tion  tab le  w ere 

ca lcu la te d  using  the v a p o r p ressure  equation  to de te rm ine  Psat at the tab le  va lue o f Tsat. 
The va p o r p ressure  co rre la tion  by W agner (1973) is a tho rough  s tu d y  and it is a ccu ra te  

representa tion  o f p u b lish e d  v a p o r p ressure  data.

The num erica l va lues of p ro pe rties  lis ted  เท the m o n o g ra p h  tab les, and 

exp ressed  in iden tica l units th rougho u t th is app lica tio n , are the d a ta b a se  o f Gas 

E ncyc lopa ed ia  (L ’ A IR LIQ UIDE), w h ich  are de rive d  from  in te rpo la tion , extrapo la tion , or 

unit convers ion  co m p u te r p rogram s, em p loy ing  the data  c o n ta in e d  in the b ib lio g ra p h ic  

re ferences. These p rope rties  are g iven  to the fourth  d e c im a l at least in o rd e r to 

fac ilita te  in te rpo la tion .
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The de te rm ina tion  o f v iscosity , one o f the fundam en ta l m agn itud es  

cha ra c te riz in g  the phys ica l p roperties  o f real gases, is a ra ther p ress ing  p rob lem . 

Reliable da ta  on the v isco s ity  are no less im portan t fo r so lv ing  som e p ra c tica l p rob lem s 

than know ledg e  o f the rm odyna m ic  p roperties , and they can b e tte r exp la in  the 

p rocesses o f m o le cu la r transfe r in gases. D uring recen t years, an in c reas ing  num ber of 

s tud ies  have d is c u s s e d  the transpo rt p roperties  o f subs tance s , bu t the  p rob lem  has not 

been so lved. The phys ica l entity  o f the transfer coe ffic ien ts  is m ore c o m p le x  than that of 

the th e rm o d yn a m ic  func tions , and these co e ffic ien ts  have not been su ffic ie n tly  s tud ied  

e ither expe rim en ta lly  or theore tica lly .

The v isco s ity  o f co m p re sse d  gases has been s tud ied  m ore than e ithe r therm al 

co n d u c tiv ity  or d iffus ion , bu t in m ost cases, experim enta l da ta  on v isco s ity  co ve r a 

narrow  range o f param ete rs . D ynam ic v isco s ity  o f c ryo g e n ic  liqu ids  is an im portan t 

pa ram ete r in d e e p -fre e ze  insta lla tions. N everthe less, v isco s ity  o f th a t liq u id s  for 

tem pera tu res from  trip le  po in t to critica l po in t at su ffic ien tly  h igh p ressu re  has so far not 

been tabu la te d . Therefore, g rea t im portance  is a tta ch e d  to m ethods w ith  w h ich  it is 

poss ib le  to re liab ly  ca lcu la te  the v iscos ity  over w ide  ranges o f tem p e ra tu re  and 

pressure  o f in te rest เท industry  from  the lim ited experim enta l data .

The tran sp o rt p ro pe rties  o f se lec ted  c ryo g e n s  in G ASPAK p ro g ra m m e  are from  

the N ational Bureau o f S tandards  Techn ica l Note 1097, d a te d  M ay 1986 by R. D. 

M cC arty.

The equation  o b ta ine d  fo r ca lcu la tin g  the v iscos ity  and  therm al co n d u c tiv ity  o f 

se lec ted  c ry o g e n ic  flu ids in this a p p lica tio n  can be w ritten  as fo llow s:

For gaseous n itrogen

3.2.3 Transport Properties

r|p T =  ๆ 1 +  1383p + 2383p2+ 16075p3-32888p4+ 41021p5, (3-12)
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X p j  = X t + 3074p + 15767p2-22696p3 + 28503p4 (3-13)

fo r ga se o u s  oxygen

ๆ  p T = ๆ! + 1 199p + 5201 p2-  581 lp3 + 8914p4, (3-14)

X p  j  = X T  +2545p+ 19276p2-43323p3 + 47784p4-  15630p5, (3-15) 

fo r g aseou s argon

w here  de n s ity  is g iven  in kg /d m 3, v iscos ity  in 10’ 8 n e w to n .se c /cm 2 and therm al 

co n d u c tiv ity  in 10’ 8 kW /m °C . From equa tion  (3-12), w h ich  ho lds over the range of 

dens ities  p =  0 -  0.72 kg /d m 3, the v isco s ity  va lues o f gaseous n itrogen  up to 1300 K 

and 1000 b a r w ere  ca lcu la te d  w ith an a c c u ra c y  o f ± 2 % . The v isco s ity  o f oxygen  that 

ca lcu la te d  from  equa tion  (3-14) is g iven  fo r rounded  o ff p ressures and tem p e ra tu re s  in 

the ranges 100-1300 K and 1-1000 bar. A lthoug h  the da ta  on the v isco s ity  o f oxygen  

unde r a tm o sp h e ric  p ressure  are not less a ccu ra te  than s im ila r va lues  fo r n itrogen  but 

they are a ccu ra te  w ith in  ± 3 % . The a c c u ra c y  o f v isco s ity  va lues o f a rgon  tha t ca lcu la te d  

from  equa tion  (3-16) fo r 90-1300 K at p ressu re  up  to 1000 b a r in the range  o f 0-1.15 

k g /d m 3 is ± 2 % .

The g re a t in terest show n in therm al co n d u c tiv ity  is due  to the n ecess ity  of 

d e s ig n in g  various hea t-excha nge  insta lla tions w ith liqu id  and  ga s  coo lan ts . M uch 

attention  has la te ly been pa id  to the s tu d y  o f the therm al c o n d u c tiv ity  o f gases  and 

liqu ids  ove r w id e  ranges o f tem pera tu re  and pressure . The therm al c o n d u c tiv ity  of 

se lec ted  gases ca lcu la te d  from  equa tion  (3-13), (3-15) and  (3-17) re sp e c tive ly  for 

tem pera tu res  up to 1300 K and pressure  up  to 1000 b a r are c o rre c t fo r the range  of 

p =  0 -  0.7 k g /d m 3, p =  0 -  1.2 k g /d m 3 and p =  0 -  1.4 k g /d m 3 respective ly . The erro r 

เท those ca lcu la te d  va lues of therm al co n d u c tiv ity  is not e xce e d in g  4% .

ๆp7 = ๆ! + 1150p + 4290p2-3345p3 + 3683p4, 
XPT = XT + 1950p + 4936p2-4834p3 + 3371p4,

(3-16)

(3-17)
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An express ion  fo r excess v iscos ity  o f gaseous n itrogen w as fo rm ed  fo r p =  0 -

0.72 k g /d m 3. W hen using this express ion  to ex trapo la te  to p = 0.9 k g /d m 3, ca lcu la te d  

va lues o f A r |  turn out to be co n s id e ra b ly  low er than our re fe rence  values. The v iscos ity  

o f liqu id  n itrogen shou ld  be g o ve rned  by equation  (3-12) at dens itie s  be low  0.65 

k g /d m 3. This equa tion  w as only used fo r tem pera tu res  above  107 K, s in ce  at low er 

tem pera tu res  the dens ity  of liqu id  n itrogen e xceeds  0.65 k g /d m 3.

For p =  0 .65-0.90 k g /d m 3, the re fe rence  da ta  is d e s c rib e d  w ith an e rro r o f less 

than 1% by

 ๆP T  =ฤ1 + 52.09 + 253.4(p-0.65) + 1638(p-0.65)2-  29438(p-0.65)3
+ 283350(p-0.65)4-  471070(p-0.65)5, (3-18)

in w h ich  v iscos ity  is exp ressed  in v isco s ity  in 10 6 n e w to n .se c /cm 2 and  d e n s ity  in 

k g /d m 3.

The func tion  Aใๅ = f'(p) fo r oxygen  increases sha rp ly  at dens itie s  abo ve  1.5 

k g /d m 3and c a n n o t be d e s c rib e d  by de n s ity  extrapo la tion  o f equa tion  (3-14). V iscos ity  

o f liqu id  oxygen  at dens ities  low er than 0.92 k g /d m 3 can  be ca lcu la te d  by  equa tio n  (3- 

14). W e on ly  used it fo r tem pera tu res  above  127 K, s ince  at low er tem p e ra tu re s  the 

de n s ity  of liqu id  oxygen exce e d s  0.92 k g /d m 3 even on sa tura tion  cu rve . For p =  0.92- 

1.26 k g /d m 3, w e ob ta ine d  the fo llow ing  fo rm ula  in sam e units as in e qua tio n  (3-18) 

d e s c rib in g  the re fe rence  cu rve  o f oxygen  w ith an erro r o f up to 1.5%:

T|PT = 1ๆ + 73.66 + 237.8(p-0.92)+ 486(p-0.92)2+ 10695(p-0.92)3
-79367(p-0.92)4+208570(p-0.92 ) 5. (3-19)

The v iscos ity  o f liqu id  argon at dens ities  low er than 1.05 k g /d m 3 (i.e ., at m any 

po in ts  for tem pera tu res above  132 K) can  be ca lcu la te d  by equa tio n  (3-16). A t 

dens ities  betw een 1.05 and 1.45 k g /d m 3 re fe rence  va lues o f excess  v isco s ity  o f liqu id  

argon are rep resen te d  in sam e units as above  c ryo g e n s  w ith an e rro r o f less than 1% 

by
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ๆ PT = ๆ T + 65.42+ 161,5(p-l .05) +  225(p-l ,05)2 + 7503(p-l .05)3
-  33918(p-1.05)4+ 56905(p-1.05)5. (3-20)

The em p irica l co n d u c tiv ity  of gaseou s a ir com ponen ts  are g e n e ra lized  over 

w ide  range of tem pera tu res  and dens ities  in (AÀ,, p) coo rd ina tes , and  resu lting  cu rves  

are d e s c rib e d  ve ry  a ccu ra te ly  by po lynom ia ls  up to the fourth  or fifth  pow er o f dens ity . 

Unlike fo rm ulas fo r ca lcu la tin g  v iscos ity , those  fo r de te rm in in g  excess  co n d u c tiv ity  o f 

gaseous n itrogen  and argon agree  sa tis fa c to rily  (even w hen ex tra p o la te d  w ith  re sp e c t 

to densities) w ith  da ta  for liqu id  at all dens itie s . The deriva tive  d(AA,)/dp does not s ta rt 

to increase  sha rp ly  above  2.5 critica l dens itie s , and there fore  de n s ity  extrapo la tion  of 

ea rlie r fo rm ulas does not devia te  subs tan tia lly  from  em pirica l data .

The a b sence  of sharp  cha n g e s  in cu rva tu re  o f re fe rence  cu rves  A X  — 'f(p) fo r 

n itrogen and argon enab le d  the cu rves  to be  a p p lie d  over a w id e  range  o f dens ities , 

inc lud in g  su b c ritica l densities, in the fo llow ing  form  con ta in ing  five term s in all:

fo r n itrogen

X p j =  X j  + 29.46p + 175.67p2-  305.78p3 + 420.06p4-  79.16p5,
(3-21)

fo r argon

X p T = X T +  18.52p + 57.98p2-  71.53p3 + 57.18p4-  7.52p5, (3-22)

w here  X  is e xp ressed  in 10 6 kW /m °C . E quation (3-21) and  (3-22) d e s c rib e  

re fe rence  cu rves fo r dens ities  of 0 .15 -0 .9  and 0 .20-1 .45  kg /d m 3  w ith  errors o f less than 

0.20 and 0.35%  respective ly . W e a lso used equa tio n  (3-15) to ca lcu la te  c o n d u c tiv ity  of 

liqu id  oxygen at p ressures o f up to 500 bar, s ince  fo r fixed pressure , liqu id  de n s ity  

d ecreases  w ith rise in tem pera ture . To ca lcu la te  co n d u c tiv ity  on 75-90 K iso therm s at 

p ressures o f up to 500 bar, w e can used e qua tio n  (3-15) up to p  = 1.27 k g /d m 3.
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3.3 C ryogen ic  T rans fe r System s

C hoosing  the p ro p e r type o f line to tran sp o rt a c ry o g e n ic  liq u id  requ ires  a 

tho rough  ana lys is  of the des ign  ob jectives. A  c ry o g e n ic  flu id  trans fe r line is gene ra lly  

one of th ree  types:

1. un insu la ted  lines,

2. po rous-insu la ted  lines, and

3. va cuum -insu la ted  lines.

All o f these  system s share  som ew ha t several typ ica l d e s ig n  p rob lem s 

a ssoc ia ted  w ith  c ryo g e n ic  liqu id  transfer. O ne c lass o f d ifficu ltie s  resu lts  from  co o ling  

the system  dow n from  am b ien t to c ryo g e n ic  tem pera tu re . E v idence o f co o ld o w n  is in 

the form  o f tw o -phase  flow , therm al con trac tion , and  line bow ing. Therm al co n tra c tio n  of 

a trans fe r line m ust not result in co n tra c t be tw een  the inner and ou te r lines, a con d itio n  

m ost freq u e n tly  e ncoun te red  at cha n g e s  in d ire c tio n  o f the trans fe r lines.

3.3.1 บ ท insu la ted T ransfer Lines

Frequently, it is m ore econom ica l to tra n sp o rt a c ryo g e n  th ro u g h  an un insu la ted  

line than spe n d  the tim e and m oney to insulate the line from  heat inleak. An un insu la ted  

p ipe  is gene ra lly  em p loyed  fo r short trans fe r d is ta n ce s  and fo r sho rt o r in freque n t use 

periods.

เท an un insu la ted  line, coo ldow n  cos ts  are low and frost due  to su b lim e d  w a te r 

va p o r q u ick ly  form s on the p ipe  to p ro v id e  som e insulation. The heat flux to the transfe r 

line m ay be es tim ated  from  the co n ve c tive  hea t-transfe r ra te  equa tio n  in c lu d in g  

radiation,

Q/A = hc(Ta-T f) + efo(Ta4-T f4), (3-23)
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w here  the em iss iv ity  o f the frost (ef) m ay be  taken as 0.92 and Ta and Tf are the 

abso lu te  tem pera tu res  in Kelvin o f the su rro u n d in g  air and  the frost su rface . The m ean 

heat trans fe r co e ffic ie n t can be estim ated  fo r free  convection  only in th is p ro g ra m m e  by  

one o f the fo llow ing  corre la tions:

1. For free  convection , lam inar flow , (G r)( p r) < 2 X 1 o9

Nu = hcD/kf=0.540[Pr/(0.952+Pr)] [(G r)(P r) ] l/4, (3-24)

2. For free convec tion , tu rbu len t flow , (Gr)(Pr) >  2 X 109

N U  =  0.11 [(G r)(P r)]1/3, (3-25)

w here  kf is the m ean therm al co n d u c tiv ity  o f the frost, Pr is the Prandtl n u m b e r and  

G r  is the G rasho f num ber. The flu id  p ro pe rties  are eva lua ted  at the m ean te m pera tu re  

be tw een  the am b ien t tem pera tu re  and  frost su rfa ce  tem pera ture . The a c c u ra c y  o f these 

e qua tio ns  is ±  25 percent.

3.3.2 P orous-insu la ted  Lines

Insulations such  as g lass w ool, po lys tyrene , and po lyu re th ane  foam  are a p p lie d  

to the bare  p ip e  to re d u ce  heat in leak and  have an inexpensive  trans fe r line at the 

sam e tim e. These insu la tions w hen p ro p e rly  a p p lie d  w ith  a v a p o r ba rrie r m ay 

s ig n ifica n tly  reduce  the heat in leak and p rove  feas ib le  fo r use w ith  c ryo g e n s  at 

te m pera tu res  as low  as that o f liqu id  n itrogen . S ince w a te r v a p o r w o u ld  o therw ise  

d iffuse  into the insu la tion  and  d e g ra d e  the insulation p e rfo rm ance . If no air 

co n d e n sa tio n  is p resen t w ith in  the insu la tion, the s teady-s ta te  heat flux to a p o rous- 

insu la ted  line m ay be d e te rm ined  from

Q/A0 = (Ta-T f) / [ ( 0 o/  kt)In (D 0/D 0+(1 / hc)], (3-26)
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w here  A0 is the ou ts ide  heat transfer area o f insu la tion, □ 0 and D-j the ou ts ide  and 

inside insu la tion  layer d iam eters, respective ly , T a the am b ien t tem pera tu re  (K), Tf the 

flu id  tem p e ra tu re  (K), k t  the m ean therm al co n d u c tiv ity  o f the insu la tion  as show n in 

tab le  3.3, and  เาc the m ean convec tive  heat trans fe r co e ffic ie n t de te rm in e d  from  e ither 

equation  (3-24) or (3-25).

Tab le  3.3 Therm al C o n d u c tiv ity  fo r Foam Insu la tions

Insulation Type Density Thermal Conductivity k,
kg/m3 KJ/s/mK

Polystyrene 4 6 3 . 3 0  X 1 0 ' 5

Polystyrene 3 9 2 . 6 0  X  1 0 ' 5

Polyurethane 4 0 - 6 0 2 . 7 0  X 1 0 ' 5

Foam glass 1 3 6 4 . 1 8  X 1 0 ' 5

3.3.3 V acuum -insu la ted  lines

The va cuum -insu la ted  line cons is ts  o f an inner p ipe  that ca rries  the c ryo g e n ic  

flu id , and ou te r co n ce n tric  p ipe  that con ta in  the vacuum . The inner line shou ld  be  m ade 

as thin as poss ib le  to m in im ize co o ld o w n  losses and the m ateria l o f cons tru c tio n  

se lec ted  shou ld  be co m p a tib le  w ith  c ryo g e n . V acu u m -ja cke te d  lines are usua lly 

d e s ig n e d  a c c o rd in g  to the ASA C ode  fo r P ressure P iping. The rad ia tion  from  the w arm  

surface  to co ld  su rface  tends to be the d o m in a tin g  m ode  o f heat trans fe r in vacuum  

insulation and  can be a p p ro x im a te d  by the m o d ifie d  S te fan-B o ltzm ann equation .

Qr/Ai = aFeF,_2(T24-T ,4)1 (3-27)

w here  Qr/A x is the heat trans fe r rate by  rad ia tion  pe r unit area o f inner su rface , a the 

S te fan-B o ltzm ann constant, Fe the em iss iv ity  fac to r, and F1_2 a co n fig u ra tio n  fa c to r 

re la ting the two su rface  w hose te m pera tu res  (K) are  T i  and T 2 . Here su b s c rip ts  1 and 

2 re fer to the inner (co lde r) and  ou te r (w arm er) surfaces, respective ly . เท this
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a p p lica tio n , we assum e F 1 _2 = 1 and the em iss iv ity  fa c to r fo r d iffuse  rad ia tion  fo r 

c o n ce n tr ic  cy lin d e rs  is g iven  by

Fe= [(l/e i)+(A i/A2)({ l/e 2} - l ) ]  (3-28)

w here e is the em iss iv ity  o f the su rface  and A is the su rface  area.

3.3.4 Tw o-Phase Flow in C ryogen ic -F lu id  T ransfer System s

A  phase is s im p ly  one o f the states o f m atte r and  can be a gas, a liqu id , or a 

so lid . M u ltiphase  flow  is the sim u ltaneous flow  o f severa l phases. T w o-phase  flow  is the 

s im p lest case  o f m u ltiphase  flow. V apo r-liq u id  m ixtures เท c ryo g e n ic -flu id  trans fe r 

system s are re fe rred  to as tw o-phase  s in g le -co m p o n e n t m ixtures.

B ecause  of the even-p rese n t p rob lem  of heat in leak to a c ryo g e n ic -flu id  trans fe r 

system , som e form  o f tw o-phase  flow  is com m on  in these  system s. The p resence  o f 

tw o -phase  flow  co m p lica te s  the p rob lem  o f p re d ic tin g  such  param ete rs  as p ressure  

d ro p  in severa l w ays. First, the flow  pa tte rn  is o ften d iffe ren t fo r ve rtica l, horizonta l, and  

inc lined  flow . S econd ly , several d iffe ren t flow  pa tte rns m ay exist. Third, the flow  m ay be 

lam inar in the liqu id  phase and tu rbu len t in the v a p o r phase or any o f fo u r co m b in a tio n s  

m ay exist. Finally, flow  pattern  change s a long the length  o f the line if the qu a lity  o f flu id  

ch a n g e s  be ca u se  o f heat transfer or p ressure  drop .

O f the severa l d iffe ren t types o f flow  pa tte rns  that m ay exist, seven d is tin c t 

varie ties are a p p a re n t as shown in the B aker d ia g ra m  o f F igure 3.2.

เท s t r a t i f ie d  flow , the liqu id  phase flow s a long the bottom  o f the p ip e  w ith  little 

in te rfe rence  w ith the va p o r phase flow ing  above. This type  of flow  o ccu rs  w hen the 

v a p o r flow  rate is re la tive ly  low. As the va p o r ve lo c ity  is increased , the shear fo rce  

be tw een the two phases b ecom es large enough that w ave are fo rm ed  in the su rface  o f 

liqu id  phase, and w a v e  f lo w  results. There m ay be liqu id  en tra ined  in the gas. S lu g  f lo w  

is a tta ined  as g re a te r v a p o r flow  rates cause the w aves to reach such  p ro p o rtio n s  that
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the entire  p ipe  is filled  at in tervals w ith s lugs  o f liqu id . These s lugs o f liqu id  are 

sepa ra ted  by reg ions เท w h ich  the flow  is ac tu a lly  s tra tified . For re la tive ly  h igh v a p o r 

and liqu id  flow  rates, the  liqu id  is fo rce d  ou tw ard  to the p ip e  w all, and the va p o r flow s 

a long a centra l core , so the flow  pa tte rn  is a n n u la r  f lo w . The gas core  m ay con ta in  

liqu id  d ro p le ts  bu t o therw ise  the two phases are sepa ra te  as fo r s tra tified  and  w ave 

flow. A t h ighe r va p o r ve loc ities , the annu la r layer o f liqu id  is torn apa rt by shear fo rces, 

and the liqu id  phase d is in teg ra tes  into a m ist o r s p ra y  even ly  d isp e rse d  w ith in  the 

va p o r phase; thus, m is t  f lo w  o r d i s p e r s e d  f lo w  results.

For low -qua lity  flow , the v a p o r bu b b le s  are fo rm ed  w ith in  the con tinuo us  liqu id  

phase, and b u b b l e  f lo w  is ach ieved . For horizonta l flow , the b u b b le s  are usua lly 

c o n ce n tra te d  near the top  o f the p ipe, how ever, เท ve rtica l flow , the b u b b le s  m ay be 

d isp e rse d  th ro u g h o u t the liqu id . Increas ing  the v a p o r co n te n t o f the flow ing  stream  

causes the b u b b le s  to co lle c t into p lugs o f vapor, w h ich  flow  at in terva ls a long  the top  

of the p ipe; hence, the nam e p l u g  f lo w  is a p p lie d  to this flow  pattern .

Flow

Figure 3.2 Flow patterns and map for horizontal flow
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Taitel and D ukler show  that the re levant g ro u p s  g o ve rn in g  flow  pattern  

transitions fo r horizonta l flow  are Lockhart-M artine lli pa ram ete r and  one or o ther of 

d im ens ion less  g roups, d e p e n d in g  on the transition . F igure 3.3 dem on s tra te s  the  Taitel- 

D ukler m ap.

F igure 3.4 illustra tes the p rinc ipa l flow  pa tte rns and the flow  pa tte rn  m ap for 

ve rtica l up flow  based  on the w ork o f G ovier and Aziz. Two o f flow  pa tte rns, b u b b le  and 

annular, rem ain ve ry  s im ila r to those ob ta ine d  w ith  horizonta l flow , though  w ith  the 

b u b b le  flow  pa tte rn  the d is tribu tio n  is o f course  in fluen ced  by the c h a n g e  in p ipe  

inc lina tion . W ith increas ing  flow  ve locity , a b reakdow n  o f the slug flow  b u b b le s  occu rs  

and leads to an uns tab le  reg im e in w h ich  there is, in w id e  bore  p ipes , an o sc illa to ry  

m otion o f the liqu id  u pw ard  and dow nw ard  in the p ipe ; thus the nam e c h u r n  flow . For 

ve rtica l dow n flow  a c c o rd in g  to G olan and s tenn ing , the flow  pa tte rns  and m ap  are as 

show n in F igure 3.5.

C u rve : A  a n d  B c  D
C o o rd in a te : FTD vs X K TDvs X Ttd vs X

Figure 3.3 Generalized flow pattern map for horizontal flow
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B U B B L E  F L O W : B u b b le s  o f g a s  in a c o n t in u o u s  l iq u id  
p h a se

SLU G  F LO W : — ►
B u lle t s h a p e d  s lu g s  o f ga s  in  a c o n t in u o u s  liq u id  
p h a se . T h e  b u lle t  s h a p e d  b u b b le  is  k n o w n  as  a 'T a y lo r ’ 
b u b b le .

i  0 1

C H U R N  F LO W : A h ig h ly  o s c il la to ry  f lo w . A  te n d e n c y  
fo r  e a c h  p h a s e  to  be c o n t in u o u s  w ith  ir re g u la r  
in te r fa c e s .

00

A N N U L A R  F LO W : — — ►
T he  liq u id  fo rm s  a f i lm  ro u n d  th e  w a ll.  The  g a s  c o re  
m ay c o n ta in  l iq u id  d ro p le ts . น̂

Figure 3.4 Flow patterns and map for vertical upflow
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The des ig n  equa tions p resen ted  in this p rog ram m e a tte m p t to re p re se n t these 

flow  pa tte rns. The a c c u ra c y  w ith w h ich  they do so d e p e n d s  la rge ly  on the ch o ic e  of 

va lues for the liqu id  and  gas phys ica l p roperties . The dens ity , v iscos ity , s p e c ific  heat 

and la tent heat o f vaporiza tio n  will have d iffe ren t va lues at d iffe ren t te m pera tu res  and 

p ressures so it is im portan t to be ab le  to use the rm odyna m ic  d ia g ra m s co rrec tly .

เท m ost cases, the flow  w ith in  the p ipe  w ill be tu rbu len t. This is eq u iva le n t to 

saying that con ten ts  o f the p ipes are w e ll-m ixed  and uniform  tem pera tu re . F igure 3.6 

illustrates the flow  pa tte rn  transition  from  pure  su b co o le d  liqu ids  from  the bo ttom  o f the 

s to rage  tank to b u b b ly  sa tu ra ted  liqu id  flow.

F igure 3.6 Fluid bu lk  tem pera tu re  and  m ean vo id -frac tion  d is trib u tio n s  in 

s u b co o le d  flow  bo iling

The fo llow ing  po in ts  shou ld  be co ns ide re d :

1. The heat in leak leads to bubb le -fo rm a tion  on the p ip e  w all (A) be fore  

satura tion  co n d itio n s  are re ached  (อ ).

2. The sa tura tion  tem pera tu re  fa lls over the length  o f the p ipe . Tsat is a func tion  

of p ressure  and  pressure  fa lls ove r the length o f the p ip e  to cause  the flow.
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3. The liqu id  tem pera ture  rises as the heat in leak is a b so rb e d  until T sat is 

re ached  at the flow ing pressure.

4. The am ount o f vapo r or vo id a g e  increases  a long the length  o f the p ipe.

5. The phys ica l p roperties o f liqu id  and  v a p o r can be de te rm in e d  at (D) if the 

p ressure  at that po in t is known.

The q u a n tity  o f v a p o r in the p ipe  is a va ria b le  เท the des ig n  equa tions. It can be 

es tim ated  by the assum ptions  as fo llow s:

1 . The liqu id  is bo iling  (satura ted) at know n p 53, ( T sat);

2. The heat in leak is ab so rb e d  by the la tent heat o f vaporiza tion , tha t is, a 

phase ch a n g e  occu rs  from  liqu id  to gas at co n s ta n t te m pera tu re  and 

pressure;

3. No chem ica l reaction  occurs ;

4. It is the s teady-s ta te  operation;

5. Phase equ ilib rium  is ach ieved  at each  p ipe  length;

6. The exit d ryness  fractions o f each  p ip e  length  are the in le t d ryness  fraction  

o f the  next p ipe  length.

This estim ate  is ca lled  the gas qu a lity  o r the d ryness  frac tion  that is g iven  by

X  =  [ ( Q / L ) . L ]  / ( 4 . 1 8 4  . AH . M), (3-29)

w here  (Q/L) is the heat inleak in k j/s /m  c a lc u la te d  from  equa tion  (3-23), (3-26), or 

(3-27), and  L is the length  o f the p ipe  in m etre, AH is la tent heat o f vapo riza tio n  in 

kca l/kg , and M is the total m ass flow  rate w h ich  is the sum  o f the m ass flow  rates o f the 

phases (Q C E343-987, 1987) .

It is s tric tly  only true fo r the reg ion dow n s tre a m  o f (อ )  in figu re  3.6. H ow ever, it is 

used fo r its s im p lic ity . By if the liqu id  is a lw ays at T sa1, it w ill ove restim ate  the v o id a g e  in 

the reg ion up to อ  and w ill there fore  lead to an overestim ate  o f the pressure  drop .
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The gas  qu a lity  ca lcu la tion  o f equa tion  (3-29) is m ade w ith  da ta  from  a p o in t in 

the p ipe , usua lly  the end  o f the p ipe . เท p ra c tice , there  is m ore va lue  in know ing  how 

the va ria b le s  ch a n g e  at each end o f a system  than at each po in t w ith in  the system . The 

des ig n  e qua tio ns  re flec t this p re fe rence  by  using  the  num erica l ave rage  o f the in le t and 

exit qua lities . A  b e tte r ag reem en t be tw een c a lcu la te d  and actua l p ressu re  d ro p s  is 

o b ta ine d  by using the exit qua lity  in tw o -phase  m u ltip lie r equa tions and sho rte r p ipe  

segm ents .

K now ing  the p ressure  d ro p  in a tw o -phase  flow  system  is o f p rim ary  in te rest to 

the d e s ig n e r in o rd e r to estab lish  the p u m p in g  load and p re sc rib e  the long itu d ina l 

varia tion  in p ressu re  necessary  to com p u te  the flu id  p rope rties  a long  the p ip e  length . 

The s ta tic  p ressure  d ro p  can be e xp ressed  as

w h e r e  A P 12 is  u s e d  to  in d ic a t e  a  p r e s s u r e  r i s e  b e t w e e n  p o in t  1 a n d  2  a l o n g  a  f lo w  p a t h

H ence, w here  z is the length be tw een po in ts  1 and  2. เท add ition , on the  righ t-hand  

side  o f equa tio n  (3-30) the pressure  d ro p s  are the co m p o n e n ts  due  to fric tion , 

m om entum  change , gravity , and fitting .

เท the d e s ig n in g  for tw o -phase  cond itio ns , a m ajor p rob lem  is the p re d ic tio n  o f 

e ffec tive  de n s ity  o f m ixture ( p m)  fo r use in o b ta in ing  the pressure  ch a n g e  due  to 

gravity . The g rav ita tiona l co m p o n e n t o f the pressure  d ro p  in m b a r is

w here  9  is the ang le  o f p ipe  to horizonta l by  using  the nega tive  s ign  in d ica te s  up flow  

and V|_ are the sp e c ific  vo lum e (l/p|_ )  o f liqu id .

The vo lum e flow  ratio ((3) tha t is norm ally  used to deno te  the ratio o f the gas-

-A p 12 = -A p Fi2-ApMi2-Apgi2-Apf i2, (3-30)

(3-31)

-A p gl2 = (g/100). (pm /pL) .(sine /VL) (3-32)

vo lum etric  flow  rate to total vo lum e tric  flow  rate can  be de fin e d  as
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P = (xvG) / [x v G+ ( l-x )v J , (3-33)

w here V G and V L are the sp e c ific  vo lum e o f gas and liqu id  respective ly .

For the case  w here  the m ass d ryness frac tion  varies linearly  a long  a uniform  

bore p ip e  and the p hys ica l p roperties  rem ain constan t, the ave rage  de n s ity  (  p m) can 

be o b ta in e d  (C h isho lm , อ ., 1983)

( Pm/pL)=  l-C A[ l - (  P h / P l) ] .  (3-34)

w here  CA is the A rm and  coe ffic ien t rem ains co n s ta n t a long the p ipe  length  tha t can  be 

o b ta ine d  from  e qua tio ns  as shown in Table 3.4.

Table  3.4 Equations for A rm and  co e ffic ie n t

fi Equations

c ^  = 0 '7 + [T-“()• 7 ( ^ tTe7)]T'f (3-35)

I ' l l  >  .
"WD

(1/Q|,)-| C a .  =  C,All (3-36)

I ' l l  < :
"พน(l/CA11) - I

D>  19

D< 19

1/4

(3-37)

(3-38)

^ =  i ± ^ - [yD(l - ul/i-g)] 1/2 (3-39)jA I -  1’l/ 1'g )

Negative sign for downflow

C A =  C Ah — ( C AV — C Ah)
‘sin 1.8(1 — 0.333 s ill3 1.80 

03
(3-40)

1 1 231 + — 
C A " h

flL l 'L SUG
1/2 l - V±

UG
(3-41)
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The h o m ogen eous  density  is

( p „  / p L) = [  R , R2/ ( R 1- R2) ] .  า ท(R ,/R 2) 1 (3-42)

w here the s u b s c rip t 1 ind ica tes the upstream  co n d itio n s  d u rin g  eva p o ra tin g  flow ,

R =(PH/pL) and  V H =  X V G+ ( 1 - X ) V L.

A long  a p ip e  du ring  phase change , The A rm a n d  co e ffic ie n t varies in three 

d iffe ren t w ays as show n in figure  3.7 d e p e n d in g  on w he th e r

Case I. RC>R], p< 0.9 and Ri>Rc>R2, Pc< p< 0.9

The ave ra g e  density , w h ich  is g iven  by equa tio n  (3-34), can  be im p le m e n te d  

inc lud in g  w ith  e qua tio n  (3-42), 

w here

UL0 = GVl ,

Rc = ^Lc/Uf

(3-43)

(3-44)

R] = VL/CXiVc+Cl-x^vJ. 

r 2 = v L/ [ x 0vG+ ( l- x 0)vL],

Xc = [(1/Rc)-1 ]/[(V g/Vl)-1 ],
(3-46)

(3-47)

(3-45)

and pc is d e te rm ined  by ca lcu la tin g  equa tion  (3-33) w ith  xc.

C ase II. RC>R|, p > 0 .9 a n d  R,>RC>R2, p > 0 .9

The ave rage  de n s ity  can be ob ta ined

( pn,/pL) = l- C A+ { [C A- { ( l- C A)/((vG/v L) - l ) } ] (  p„/pL)}

- { ( l - C A)/((vG/vL)-l)}[!4{(l/R2)+(l/R,)}-2].
(3-48)

1114(;'*6ะ!3
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C ase III. R2>Rc, p <  0.9 and R,>Rc>R2, p <  P c

The average  d ens ity  can be o b ta ine d  from  the se t o f equa tion  as fo llow s:

( p„/pL) = i - ( i / C o ) [ i - R ] ,  (3-49)

w here

R = [1+{(umj/ ul„)(1/C0)}][R ,R2/(R,-R2)] .
1 ท[ { 1+(C0UL0/ นW0R2) } / { 1+(C0UL 0/ น „R  1) } ]  (3-50)

and

Co = (I /C J -(นWD/UH) (3-51)

The g e ne ra lized  co rre la tions fo r the fric tiona l p ressure  g ra d ie n t du rin g  tw o- 

phase flow  in p ip e s  are used in this p ro g ra m m e  in the sense o f not be ing  flow  pa tte rn  

o rien ted , or res tric ted  to a pa rticu la r flow  pa tte rn . The fric tion  fa c to r is a func tion  of 

R eynolds n um ber and su rface  roughness, w h ich  cove rs  the co m p le te  range  o f 

R eynolds num ber, the C h urch ill’s equa tion  as show n in figu re  3.8 is w ritten  in c o m p u te r 

co d e s  w ith  the abso lu te  roughness o f the p ip e s  from  tab le  3.5.
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Figure 3.7 V aria tion of CA w ith [3 and in fluence  of c ritica l R key to re levant equations
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Figure 3.8 Friction fac to r X  to a base o f R eynolds num ber.

T ab le  3.5 The va lue  o f abso lu te  roughness (ธ)

P ipe M aterial A b so lu te  roughne ss  (ft)

D rawn tub ing 0.000005

C om m erc ia l steel and  w rough t-iron 0.00015

The c o rre sp o n d in g  Reynolds num bers  are

Rgl0 = GLD/r|L (3-55)

= GgD/t|g (3-56)

The co rre la tion  for the fric tiona l p ressu re  d ro p  is c o n s id e re d  in term  o f tw o- 

phase m ultip lie r (cp ~FL0)  w h ich  do  not e xp lic itly  co n s id e r the flow  pa tte rn  (C hisho lm ,

D., 1973).
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^  P  F12 =  — D p FL0. ( ( p  FL0)  . L (3-57)

w here

-D pFL 0 =  À.L0G 2V L/  2D (3-58)

cp2pL0 =  1 + [ (  r2- 1 )  { (B  Fx 0(2_nB)/2(  1 -X0)(2~nB)/2) +  X0(2-nB)}]
(3-59)

and

r 2 =  (nG/fiL)nB.(v G/v 1) (3-60)

ท B =  ไ og(^LOA G0)/ไ og(ReG 0/ ReL0) (3-61)

Tab le  3.6 is the recom m endation  w here  g re a te r p re c is io n  is requ ired  than g iven 

by the m ethod  not in c lu d in g  the m ass ve loc ity  co rre la tion .

T ab le  3.6 Value of Bp fo r sm ooth tubes

r G/(kg/(m2 ร) Bp
ร; 500 4.8 ̂9.5 500 < G < 1900 2400/G
^  1900 55/G 05

9.5 < r < 2S
^  600 
>600

5 2 0 /(rc ° '5)
2 1 / r *

๐๐ 15000

r 2G°-5

ThisBpCorrcsponds to Lockhart-M arlinelli curve.
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The p re d ic tin g  equations o f the p ressure  ch a n g e s  due  to ch a n g e  in m om entum  

flux are d e v e lo p e d  fo r p ipe  flow,

-A p M 12 =  G 2( V eo- V e i)  (3-62)

w here

v e0/ VL =  1+[(V G/V L) - 1 ] . [ B MX0( l - x 0) + x 02] (3-63)

Ve i/V L =  1+[(V G/V L) - 1 ]  . [BMXi ( l - X i )+ X i 2] (3-64)

Bm =  { [(  1 /K )(v  G/V L) ] + (K -2 )  } / [ ( V G/ V L) - 1 ] (3-65)

K  =  K o 0-28 (3-66)

if x> 1,
K o  =  ( V h/ V l ) 1/2 (3-67)

and

VH =  X0VG+ ( 1 - X 0)V L (3-68)

if X<1,
K o  =  ( V g/ V l ) 1M (3-69)

w here  the Lockhart-M artine lli pa ram ete r (X) can  de fined  as 

X = [ ( l - X 0)/X 0](2' nB)/2(V L/V G) 1/2( ๆ L/ ๆ G) nB/2 (3-70)

The co rre la tions  fo r s ta tic  p ressu re  d ro p  a ttr ib u ta b le  to fitting  are g iven  by 

-APf 12 -  -A p fL0 . (p2f L0 , (3-71)
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w here

■APfLd = G2V lK/ 2, (3-72)

<p2f L 0 =  1+[((V G/V L)- 1 ) { (B X 0( 1 - X 0)) +  x 02}], (3-73)

เก add ition , K is a d im ens ion less  fa c to r de fin e d  as the excess head loss in p ipe  fitting , 

exp ressed  in ve lo c ity  heads. เท this app lica tion , the two K m ethod p re d ic ts  head losses 

in that p ipe  fitting  (H o p p e r, พ .  B., 1981).

3.4 G as P iping S ystem s

M any equa tio ns  fo r ca lcu la tio ns  invo lv ing  isotherm al gas flow  in horizonta l gas 

p ipe lines have been used  by the p ipe lin e  industry  w ith  va ry ing  d e g re e s  o f su cce ss  ove r 

the years. The la test is the rational gas flow  form ula . For flow  in gas p ipe lin e , to take into 

a cco u n t d iffe re n ce s  in e levation, the pressure  pro file  is d e te rm ined  us ing  the rational 

gas flow  fo rm ula  w ith  J. W illiam  F erguson 's  e levation  co rrec tion  m e thod  (N ayyar, M. L ,  

1992):

w here

P i = upstream  pressure , psia 

P 2 = dow nstream  pressure , psia

e s = e levation  co rre c tio n  fac to r, e  is the natural loga rithm ic  base 

X = fric tion  fa c to r is g iven  by the C h u rch ill’s equation  

z = c o m p re s s ib ility  fa c to r 

T = abso lu te  gas flow ing  tem pera tu re , °R 

G = gas s p e c ific  g rav ity

Q = gas flow  rate, thousand  o f c u b ic  feet pe r hour 

D = p ip e  in ternal d iam ete r, inch

p ,2- e s p22 = 76.86 Z(ZTG Q 2/D5) L e (3-74)
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L  = length  o f p ipe  segm ent, m iles

H = e levation  d iffe rence  over the segm en t, fee t (pos itive  uph ill, nega tive  

dow nhill)

ร = GH/(26.647TZ) (3-75)

L e = e ffec tive  length, (es-l)L/S (3-76)

The p ressu re  d ro p  o f various p ipe  fittings  such  as bends, va lve  e tc. can  be 

e xp ressed  as n u m b e r o f ve loc ity  heads lost w h ich  be ca lcu la te d  by  e qua tio n  (3-72).


	CHAPTER III CALCULATION BASIS

