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ENERGY LOSSES I N  HORIZONTAL STEAM LINES 

PERA JOSE MANUEL 

I n s t i t u t o  d e  I n g e n i e r i a  Univers idad  AutBnoma d e  Baja 
C a l i f o r n i a  

ABSTRACT 

The p r e s e n t  work shows a computarized model 
where j o i n t  e q u a t i o n s  from t h e  f l u i d  mecha- 
n i c s  and hea t  t r a n s f e r  have been in t roduced  
a p p l i e d  t o  a p r o c e s s  o f  p o l y t r o p i c  expan-- -  
s i o n ,  i n  o r d e r  t o  de te rmine  t h e  energy  l o s s  
c s  t h a t  t h e  steam s u f f e r s  when it i s  con-: 
duc ted  through long  h o r i z o n t a l  p i p e s  of a - 
b i g  d iameter  which are  t h e r m i c a l l y  i n s u l a - -  
t e d .  T h i s  model gave i n t e r e s t i n g  s t e p  by - -  
s t e p  r e s u l t s  o f  f i n a l  c o n d i t i o n s  o f  t h e  f o -  
l lowing  pa rame te r s :  p r e s s u r e ,  f l u i d  and i n -  
s u l a t o r  t empera tu res ,  e n t h a l p y  and steam - -  

. dryness  a long  any s e c t i o n  p i p e  of a g i v e n - -  
d i a m e t e r ,  t h i c k n e s s  and type  o f  i n s u l a t i o n ,  
s t a r t i n g  from t h e  i n i t i a l  c o n d i t i o n s  o f  p r g  
s s u r e ;  mass r a t e  o f  t h e  f l u i d  a s  much as  - -  
w i t h  sor rounding  a i r  t empera tu re  and wind - 
v e l o c i t y . T h e  model cou ld  be modi f ied  and - -  
u t i l i z e d  f o r  non-geothermal purposes  - -  - - 
having a s  an  o b j e c t i v e  improving the d e s i g n  
of t h e  p i p i n g  system o r  f o r  checking up t h e  
a c t u a l  o p e r a t i n g  c o n d i t i o n s .  

NOMENCLATURE 

A 
CP 

H 
J 

K 
KO 
K 1  

K 

L 
N 
NU 

P ipe  i n t e r n a l  f low a r e a ,  L* 
Heat c a p a c i t y  a t  c o n s t a n t  p r e s s u r e ,  
FL /MT 
D i f f e r e n t i a l  o p e r a t o r  
O r i f i c e  p l a t e  d i ame te r ,  L 
I n t e r n a l  d i ame te r  o f  p i p e ,  L 
E x t e r n a l  d i ame te r  o f  p i p e ,  L 
I n s u l a t o r  d i ame te r ,  L 
F r i c t i o n  f a c t o r ,  q imens ion le s s  
Grav i ty  a c c . ,  L / B  
Conversion f a c t o r ,  M L / F B 2  
Grashof number, d imens ion le s s  
Heat t r a n s f e r  p a r t i c u l a r  c o e f . ,  
FL/L8T 
Entha lpy ,  FL/BM 
Conversion f a c t o r  from mech. t o  t h e r - -  
mal energy  
Thermal c o n d u c t i v i t y ,  F1/LTB2 
Stefan-Boltzmann c o e f . ,  Fl/B T 
I s e n t r o p i c  expans ion  c o e f ,  dimension- 
l e s s  
P o l y t r o p i c  expans ion  c o e f ,  dimension- 
l ess  
Lenght o f  t r a v e l e d  d i s t a n c e ,  L 
Pipe l i n e  number 
Nusse l t  number, d i inens ionless  

P 
P r  
Q 
Re 
R 
sc 
t 
T 
U 
v 
V 
W 
W 
X 
Y 
z 
B 
Y .  
A 
E 

EO 

rl 
r \ O  x 
lJ 
V 

P 
9 

T o t a l  p r e s s u r e ,  F / L 2  
P r a n d t l  number, d imens ion le s s  
Heat f l u x  p e r  u n i t  of l e n g h t  FL/B 
Reynolds number, dime.nsionless 
Gases u n i v e r s a l  c o n s t a n t ,  FL/MT 
Schmidt number, d imens ion le s s  
I n s u l a t o r  t h i c k n e s s ,  L 
Temperature,  T 
O v e r a l l  h e a t  t r a n s f .  coef.,FL/LBT 
L inea r  v e l o c i t y ,  L / B  
S p e c i f i c  volume, L 3 / M  
Work, FL 
Mass r a t e ,  M / O  
Dryness,  d imens ion le s s  
P ipe  p o s i t i o n  cons ta .n t ,  d imens ion le s s  
D i s t ance ,  L 
Thermal expans ion  c o e f ,  1 /T  
Speci f ic  weigh t ,  F / L 3  
D i f f e r e n c e  
P ipe  r e l a t i v e  r u g o s i t y ,  d imens ion le s s  
E m i  s i v i  t y 
I sen t rop i  c e f f i  cienc y, dimen s i o n l e  s s 
Steam t r a p  e f f i c i e n c y ,  d i m e n s i o n l e s s  
L a t e n t  hea t ,  FL/M 
Absolu te  v i  s c o s i t y ,  M / L B  
Kinematic v i s c o s i t y ,  L 2 / a  
Dens i ty ,  M / L 3  
Time, 9 

S u b i n d e x i n g  

1 I n i t i a l  c o n d i t i o n s  
2 F i n a l  c o n d i t i o n s  
a R o o m  or e n v i r o m e n t  
i I n t e r n a l  
a E x t e r n a l  
f Water 
s Steam 
f s  W a t e r / s t e a m  m i x t u r e  
p W a l l  

I N T R O D U C T I O N  

E v a l u a t i o n  or e n e r g y  l o s s  i n  v a p o r  p i -  
p i n g  i n  t h e  f i e l d  o r  t h e  i n d u s t r i a l  p r o -  
ce s ses  c u r r e n t l y  e x i s t i n g  o r  a t  t h e  d e - -  
s i g n i n g  s t a g e ,  c o n s t i t u t e s  a v e r y  impor-  
t a n t  s t e p  for  t h e  s e t t i n g  up of t h e  eco- 
n o m i c a l - t e c h n i c a l  p a r a m e t e r s  of t h e  same 
o p e r a t i o n ,  m a i n t e n a n c e  and d e v e l o p m e n t  - 
of t h e  sistems and s u b s i s t e m s  w h i c h  t a k e  
p a r t  i n  t h i s  p r 0 c e s s e s . A  b i g  number of - 
i n d u s t r i e s  h a v e  r e q u i r e m e n t s ,  of water - 
v a p o r  w i t h  c e r t a i n  d e g r e e  of h u m i d i t y  - 
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t empera ture  and p r e s s u r e  p r e e s t a b l i s h e d  - 
f o r  t h e  p r o c e s s  i t s e l f ;  however, du r ing  - 
t h e  conduct ion  of t h i s  f l u i d  from i t s  - - -  
source  up t o  t h e  p o i n t  of u t i l i z a t i o n ,  t a  
ke p l a c e  dynamics changes i n  i t s  thcrmal- 
and t r a n s p o r t i n g  p r o p e r t i e s  which may i m -  
p a c t  d i r e c t l y  t h e s e  t e rmina l  c o n d i t i o n s .  
Knowledge of t h e  i n c r e a s i n g  e v o l u t i o n  o f -  
t h e s e  changes makes p o s s i b l e  t o  a n t i c i p a -  
t e  o r  d e t e c t  anomalies o r  e l s e  c a r r y  o u t -  
o p t i m i z a t i o n  i n  t h e  group of v a r i a b l e s  s o  
t h a t  c o r r e c t i v e  a c t i o n  can be t aken  i n  - -  
t h e  d e s i g n ,  o p e r a t i o n  o r  maintenance of - 
t h e  vapor conduct ing  system. When hand-- -  
l i n g  geothermal vapor as much as i n  o t h e r  
p r o c e s s e s  t h e  d i s t a n c e s  t o  cover  a s  much- 
as t h e  d i ame te r s  and f l u x e s  came ou t  t o  - 
be r e l a t i v e l y  b i g ,  fu r the rmore  t h e  g e o - - -  
thermal  vapor p r e s e n t s  t h e  p a r t i c u l a r i t y -  
of t r a n s p o r t i n g  non-condensable g a s e s ,  - -  
dragged wa te r  from t h e  s e p a r a t i o n  p o i n t  - 
w i t h  i t s  i n h e r e n t  s a l i n i t y ,  a s  much a s  - -  
condensa ted  water  formed dur ing  t h e  t r a n s  
p o r t a t i o n ,  which i m p l i e s  a s t r i c t  c o n t r o l  
i n  t h e  o p e r a t i n g  c o n d i t i o n s  having i n  - - -  
mind t o  p reven t  exces ive  condensa t ion  p r o  
blems and t h e  phenomena of s c a l i n g ,  c o r r o  
s i o n  and e r o s i o n  i n  p i p e s  and equipment , -  
which r ende r  t h e  g e n e r a t i o n  o f  e l e c t r i c  - 
energy  low. 

EQUATIONAL PROCEDURE 

As a marked d i f f e r e n c e  t o  o t h e r  methods 
t h a t  make a t o t a l  e s t i m a t i o n  of v a r i a b l e s ,  
i n  t h i s  model t h e  f l u i d  mechanic and h e a t  
t r a n s f e r  equa t ions  have been p u t  t o g e t h e r  
i n  a s i n g l e  e q u a t i o n  which may be i n t e g r a  
t e d  numer i ca l ly  between p i p e ' s  i n t e r v a l s ,  
t o  t h e  p o i n t  o r  convergency o f  t h e  l o s s  - 
energy  between a p r e s s u r e  range .  The p ro -  
gramme i s  based c o n s i d e r i n g  t h e  p o l y t r o - -  
p i c  expans ion  of a humid vapor w i t h  h e a t -  
and f r i c t i o n  l o s s e s  t h a t  occur  i n  d i f f e - -  
r e n t i a l  s e c t i o n s  o f  an i n s u l a t e d  p i p e ,  - -  
asuming a homogeneous, u n i d i r e c t i o n a l  - - -  
f low accompanied by condensat i o n  g i v i n g  - 
r i s e  t o  d i f f e r e n t  t y p e s  o r  f low p a t t e r n s -  
such  a s  a n u l a r ,  a n u l a r - d i s p e r s e  and/or  - -  
e s t r a t i f i e d  as it  has  been proved g r a p h i -  
c a l l y  u s i n g  t h e  Mandhane diagram (1) and- 
by expe r imen ta l  o b s e r v a t i o n s  made by wai -  
r a k e i  New Zealand {Zl. The s t a r t i n g  p o i n t  
i s  a g e n e r a l  e q u a t i o n  of t h e  energy  law - 
i n  i t s  d i f f e r e n t i a l  form 131  *+ VdV+ - A d z  + d(&) + dw= 0 (1) 

Y gc gc 

That i n  t h e  c a s e  of a h o r i z o n t a l  p i p e  - 
and i n  absence o f  work done by o r ,  on t h e  
f l u i d  it i s  reduced  t o .  

d~+VlklJ+d(&) = 0 
Y 9 c  

Where Cw s t a n d s  f o r  l o s s  work by f l u i d -  
i r r e v e r s i b i l i t i e s  and may inc lude :  f r i c -  - 
t i o n  o r  h e a t  l o s s e s  through t h e  wa l l  pipe,  
s l i d i n g ,  f r i c t i o n a l  e f f e c t s  between pha - -  
s e s  v i s c o s i t y  e f f e c t s ,  s u p e r f i c i a l  t e n -  - - 
s i o n  e t c . ,  i n  t h i s  s tudy  a r e  cons ide red  - 
e x c l u s i v e l y  t h e  e f f e c t s  of wa l l  f r i c t i o n -  
(Ef)  and t h e  h e a t  l o s s  (Q) s o  t h a t :  

(3) 

Consider ing  a p o l y t r o p i c  expansion whe- 
r e  an i n i t i a l  p r e s s u r e  P1 i s  known, and - 
where t empera tu re  TI and s p e c i f i c  weight -  
may be kncwn, t h e  fo l lowing  r e l a t i o n s  can 
be s tudy  E41 

P = P1 - -  
YK YIK 

and 

(4) 

S u b s t i t u t i n g  e q u a t i o n s  ( 4 )  and (5) and- 
u t i l i z i n g  t h e  c o n t i n u i t y  e q u a t i c n ,  t h e  - -  
narcy  e q u a t i o n  and t h e  h e a t  t r a n s f e r  gene 
r a l  equa t ion .  c o n s i d e r i n g  IJ cons t an t  for- 
small p i p e ' s  s e c t i o n s  t h e  fo l lowing  i s  - -  
ob ta ined  : 

Second term VdV/g c =- (W'P 1 2/K/A2yl 2 ~ g  c) 

2+K 

( d P / P T  (7) 

Third term dEf = (fW2P 1 7/K/2gDyl 'A2) 

(dL/P 2/ K> 

1-K 1-K - -  
Fourth term dQ = (JU/W) C (Pi Ti/P ) 

- Tal dL (9) 

S u b s t i t u t i n g  e q u a t i o n s  ( 6 ) ,  ( 7 ) ,  (8) - . -  

and (9)  i n  ( 3 )  and m u l t i p l y i n g  f o r  Y I P ~ ' ~  
p u t t i n g  c o n s t a n t  te rms  i f :  

348 



PERA 

t h e  s e a r c h  f o r  a b r e v i a t i n g  computing t ime 
a t  equa l  o s m a l l e r  t imes  t h a n  5 minutes  - 
p e r  p i p e ' s  s e c t i o n .  

SUPPLEMSNTARY EQUATIONS 1 + K  1 - K  -- 
(P P1 K TI-Ta P2/K)dL = 0 (10) 

Putting constant terms i f :  

1 / K  c1 = P1 

c2 = w2p12/K /A 2 YiKgC 

C J  = fW2P12/K/2gDylA2 

C 

Equation (10) may be expressed as: 

For t h e  development of t h e  thi,s model - 
i s  was n e c e s s a r y  t o  a d j u s t  t h e  fo l lowing-  
v a r i a b l e s :  t empera tu re  s p e c i f i c  volumes,-  
e n t h a l p i e s  and p o l y t r o p i c ' s  c o n s t a n t s  a s -  
a f u n c t i o n  o f  p r e s s u r e  and humidi ty ,  u t i -  
l i z i n g  t h e  vapor  t a b l e s  (51 i n  t h e  normal 
o p e r a t i o n a l  range  of t h e  Cerro  P r i e t o  I - 
geothermal f i e l d  (Mexica l i ,  Mexico) . - - - 
Another v a r i a b l e s  such  a s  v i s c o s i t y  and - 
s p e c i f i c  h e a t  o f  l i q u i d  and vapor  were - -  
ob ta ined  from ref (61 ,  always c o n s i d e r i n g  
a c o r r e l a t i o n  c o e f f i c i e n t  b i g g e r  o r  e q u a l  
t o  99O/O. 

Horlock e q u a t i o n  (71 was u t i l i z e d  i n  t h e  
c a l c u l a t i o n  of f a c t o r  (K )  i n  t h e  humid - -  
vapor r e g i o n ,  which comes o u t  t o  be v e r y -  
u s e f u l  when app ly ing  i t ,  p a r t i c u l a r  t o  - -  
b a r e  p i p e  and f i n d i n g  t h e  i s e n t r o p i c  e f f i  

(14) 

(15) c i e n c y  f o r  f u t u r e  developments.  

( 1 8 )  K '  (Hor l o  c k) K =  
~ - K ' R  (q - l ) /Cp  

1+K - 
CIP'/KdP - C2P-'dP + CJdL + C4P dL - . I n  o r d e r  t o  c a l c u l a t e  t h e  h e a t  t r a n s f e r  

c o e f f i c i e n t  s e v e r a l  equa t ions  were t a k e n -  
i n t o  accoun t .  as  t h o s e  which appeared  i n -  
Ho-lman's book ( 8 1 ,  i n  Meta is  and Ecke r t  - 
(91 w i t h  a computar ized  diagram f o r  f r e e ,  

4 

(16) C5P2lKdL = 0 

Separating variables and integrating: 

f.p2 
1 
i CIPl/K - C2P-l dP +I dL= 0 (17) 

. P1 / 0 

Equation (17) shou ld  be so lved  by numeri 
c a l  methods u n t i l  t h e  v a l u e  of t h e  f i r s t  - 
i n t e g r a l  b e  aproximated  t o  t h e  l e n g t h  of - 
t h e  proposed p i p e ' s  s e c t i o n :  t h e  s h o r t e r  - 
t h e  p i p e ' s  s e c t i o n  and t h e  more s u b d i v i s i g  
n a l  i n t e r v a l s ,  t h e  aproximat ion  w i l l  be - -  
more p r e c i s e .  I n  t h e s e  s t u d y  has  been u t i -  
l i z e d  t h e  Simpson's r u l e  f o r  i t s  s i m p l i c i -  
t y  and wi thou t  s a c r i f i c i n g  p r e c i s i o n ,  i n  - 

f o r c e d  and combined convec t ion ;  a s  much - 
a s  from t h e  work by Chesney (10)  Schroder  
(11 )  Koenig (12)  and R a l l e s c a  (131. The - 
f r i c t i o n  f a c t o r  was e s t i m a t e  u s i n g  t h e  - -  
c o r r e l a t i o n  p r e s e n t e d  by C h u r c h i l l  (151 , -  
(161 and i s  v a l i d  f o r  a l l  f low reg imes .  

R e s u l t s .  --- 

As a manner o f  an example t h e  r e s u l t s  - 
which could  be o b t a i n e d  from t h i s  p r o g r a -  
m m e  a r e  shown and t h e  they  a r e  compared - 
a g a i n s t  lower ing  of p r e s s u r e  r e s u l t s  c a l -  
c u l a t e d  w i t h  some of t h e  conven t iona l  - -  
e q u a t i o n s  t h a t  appeared  i n  r e f  (141 

E n t e r i n g  d a t a  

I n i t i a l  p r e s s u r e  ( p s i a )  1 2 0  

Mass r a t e  ( l b s / h r )  1 1 0  000 

Humidity ( F r a c t i o n )  0.9997 
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Steam t r a p  e f f i c i e n c y  

O r i f i c e  p l a t e  diameter 

I n s u l a t o r  thermal  con_ 
duct  i v i t y  
(Btu-f ; ) /  ( h r - f t Z 0 F )  

Aluminum's i n s u l a t o r  
cover ing  e m i s s i v i t y  

I n s u l a t o r  t h i c k n e s s  
( inches )  

Room tempera ture  (OF) 

Wind v e l o c i t y  (mi l e s /  
h r  1 
Pipe  type  and diame- 
t e r  

Pipe r e l a t i v e  r u g o s i -  
t y  

P ipe  t o t a l  l e n g t h  - -  
( F t )  

is  n o t  cons ide red  
i n  t h i s  c a s e  

i s  no t  cons ide red  
i n  t h i s  c a s e  

0.03 

0 . 0 9  

3" 

32 

5 

carbon s t ee l  1 2 "  
ST4. OS 

0 . 0 0 0 1 5  

1 0 0 0  

S tep  by s t e p  r e s u l t s  a r e  showed i n  t h e  - 
t a b l e  1, t h e  computing of t h i s  model makes 
e a s i e r  f o r  changes i n  t h e  i n p u t  d a t a  i n  - -  
such a way t h a t  i t  i s  p o s s i b l e  t o  u t i l i z e -  
i t  t o  check up f i e l d  t e s t  o r  e l s e  i n  vapor  
l i n e  des ign .  

Fol lowing a r e  g iven  r e s u l t s  of  p r e s u r e  - 
drop  ob ta ined ,  u s ing  t h i s  model v e r s u s  r e -  
s u l t s  ob ta ined  us ing  o t h e r  e q u a t i o n s  q u o - -  
t e d  i n  o t h e r  works (14)  

Equat ions  

1 1 . 2 1  This  model 

8.65 I d e a l  i so the rma l  f low 

9.42 Darcy, modif ied f o r  compre-- 
s s i b l e  f low 

9.03 Rabcock f o r  steam (empir ica l )  

In  t h i s  r e s u l t s  may be observed  t h e  p r e -  
ssurc d i f f e r e n c e  when t h e  h e a t  l o s s e s  a r e -  
i nc luded  wi th  i m p l i c i t  v a r i a t i o n s  a s s o c i a -  
t e d  thermodynamical p r o p e r t i e s .  T h i s  model 

i s  going t o  be t e s t e d  wi th  o p e r a t i o n a l  - -  
d a t a  from Cerro P r i e t o  (MCxico) g e o t h e r - -  
mal f i e l d  and t h e  r e s u l t s  w i l l  appear  i n -  
a second r e p o r t  i n  June 1986. 
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TABLE: 1 

APRIL 24 1986 
WELL NUHBER Xlk 
PRESSURE DROP I N  ORIFICE PLATE = 0 LESIFT”2 
STARTING E#TALPHY= 1190. IS BTU/LBH 

f LENCHT 1 IN IT IAL P. i IN IT IAL T. : DRYljESS i INIT IAL H.! FINAL P. : FINAL 1. : SUP. TEHP.i FINAL H. i 
: FTS. 1 L B S l I N Z .  I FAR. D E L :  I. I BTU/LBH 1 L6S/IN’2. i FCIR. DEG. i FAR.DE6 I BTU/LM. I 

TOTAL #ASS FLOW I N  STEAH LINE = 110000 LB#/HR 

FINAL ENTHALPY I N  THIS TOTAL SECTION = 1182.43 BTU/LBH 

TOTAL ENTALPHV DROP = 7.71448 BTU/LBII 

TOTAL HANDLED LENGHT = 1000 FTS 

PfiESSURE I N  THIS TERt4IKAL POINT - 198.785 LBSIINY 
DRYNESS I N  THIS POINT IS = ,992891 

ANOTHER RESULTS OF INTEREST 
t&t l t&t&&&&t&t&&ttt t&t&ktt t  

FRICTION FACTOR (LAST) ,0133609 
OVERALL HEAT TRANSFER CDEF. ,441416 BTU/HR.-FT-FIIR DEG. 
CONDENSATE FLOY (LAST 50 FT.) 7.54246 LBS/HR 
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