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A study has been made concerning the dependence of the true vapor content and the re fe r red  
fr ic t ion coefficient on the f low-rate  vapor content, on the Froude circulat ion number,  and 
on the thermal  flux in a v a p o r - w a t e r  mixture flowing horizontal ly under a p ressu re  of 1.5- 
3.0 bar.  Empir ica l  formulas have been derived on the basis of test  data. 

An analysis and a bibliography of experimental  studies concerning the flow of mixtures  through hor i -  
zontal pipes are given in [1]. Here, both the true and the f low-ra te  vapor content as well as the r e fe r red  
fr ict ion coefficient of a v a p o r - w a t e r  mixture were studied experimental ly  under adiabatic flow conditions 
and under conditions of flow with heating in a horizontal  pipe. The hydrodynamics of v a p o r - w a t e r  mix-  
tures within the given ranges of p ressure ,  thermal  flux, and Froude circulat ion number had never been 
analyzed before. 

The test  apparatus constituted a closed sys tem whose main component was a heatable seamless  steel 
pipe with an 18 mm inside diameter .  The true vapor  content was measured by the cutoff method in four 
success ive  segments ,  total length 12 m, with five cutoff valves pneumatically actuated and e lec t romagnet i -  
cally synchronized. Viewingunits,  as well as stabilization units each 2 m long, were installed at both the en-  
trance to and the exit f rom the pipe. Elec t r ic  heaters  were installed along the entire test  line, with equally 
spaced special  thermometers  for controlling the heater  power. At the end of the main e lec t r ic  heater  was 
placed a throttle valve, to ensure the generat ion of a v a p o r - w a t e r  mixture as a resul t  of spontaneous boil-  
ing. 

Eight p ressu re  drops along the main pipe, the excess  p res su re  at the end section, thermal  fluxes, 
and flow rates  were also measured.  

In order  to examine separa te ly  the effect of the Froude circulat ion number F r  o = G2/gDf2~ and the 
effect of the thermal  flux, the authors performed the experiment  in four variants .  

I. Adiabatic flow of the mixture at four different mass  flow rates  corresponding to four values of 
the Froude circulat ion number: F r  o = 0.85, 1.50, 2.35, and 4.10 (curves 1-4 in Figs.  1 and 2). 

II. Flow with a constant thermal  flux qG = 2520 W / m  (0.6 k c a l / m ,  sec) and with the same values 
of the Froude number as in variant  I (curves 5-8). 

III. Flow with a constant thermal  flux densi ty q D / r  = 0.336 �9 10 -4 (q = i k c a l / k g ,  m) and with the 
same values of the Froude number as in var iant  I (curves 9-12). 

IV. Flow with a constant Froude circulat ion number F r  o = 1.5 and with four different thermal  flux 
densities q D / r  = 0.336.10 -4 (curves 10), 0.672 �9 10 -4 and 1.008 �9 10 -4 (test data not shown here), 
1.68" 10 -4 (curves 6) corresponding to q = 1, 2, 3, and 5 k c a l / k g ,  m, respectively.  

In this way, only 14 ser ies  of tests  were performed with various initial vapor contents at the en- 
trance to the apparatus. Most of the tests were performed according to two different procedures .  In the 
f i r s t  procedure stable mode was obtained by a gradual increase  of the initial vapor content in the s t r eam 
f rom zero  to the prescr ibed level. In the second procedure  f i r s t  a s t r eam with a maximum vapor content 
was produced and then the vapor was gradually reduced down to the desired flow mode. In all tests the 
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pressu re  at the end section of the test  segment  was maintained within 1.4-1.6 bar. In order  to produce 
adiabatic conditions, the main heaters  were used as standby heaters .  

A pre l iminary  evaluation of test  data was based on the complete differential equations of motion and 
energy for  a one-dimensional  two-phase s t ream:  

dz gf2 d-7 + 2gDf ~ 7-~'  

( 6 2 F i_) ;~rnix 6~ F~ d is -!- - -  q = 7~ 2gr -2-e57 

(1) 

(2) 

where F l -  (1--~1) 2 , ~12 F2_  (1--~1) 3 , ~13 
l - - x  ' x ' ( l - -x )  ~ ' x~ 

Calculations for  each test were made by the method of success ive  approximations. The equilibrium 
vapor contents fi were calculated, to the f i r s t  approximation, by the energy equation (2) without the te rms  
represent ing the work of viscous forces  and the changes in kinetic energy. The result ing approximate equa- 
tion 

- -  di s = qdz (3) 

was then used for calculating ifl at the cutoff points on the basis of the heat balance in the cooler  and on the 
basis  of the the rmometer  readings.  The vapor content was determined under the assumption of a the rmo-  
dynamic equilibrium in both phases at every  section. The values of kmix were then calculated, to the f i rs t  
approximation, according to Eq. (1). 

The second approximation was made in an analogous manner,  but a lready using the complete energy 
equation (2) with ifi, Xmi x found in the f i r s t  approximation. The entire calculation procedure was repeated 
until the prescr ibed accuracy  had been reached at all sections under study. All neces sa ry  pa ramete r s  were 
determined,  af terwards,  including the r e fe r red  fr ic t ion coefficient of the mixture r for which the fr ic t ion 
coefficient of a one-phase s t r eam MRefl) was determined f i r s t  f rom Refi calibration curves.  

The derivat ives of these paramete rs ,  whose mean-ove r - the - sec t ion  values had been known f rom tests  
or  calculations,  were determined f rom polynomials of the kind 

r~ 

P = ~ Ak zk, (4) 

with the coefficients A k found f rom the known values of the pa ramete r s  at a few sections. The m e a n - o v e r -  
the-sec t ionvalues  of the true vapor content were,  on the other hand, calculated as follows. Integrating Eq. 
(3) yielded 

- -  hi  s = qAz, 

and this formula  could, on the basis of known relations,  be reduced to 

1 @ C~z ' (5) 

with the coefficients Aft, Bfi, and Cfl expressed in te rms  of the thermal  flux and the physical proper t ies  of 
the phases. Considering that the longitudinal profile of the true vapor content was the same as the f l -p ro -  
file, one could write 

A~ + B~z 
q )  ~ . . 

1 @ C d (6) 

Equation (6) was used for  calculating the mean-ove r - the - sec t i on  values of ~o. Coefficients A~p, Bgo, and 
C~o were determined for each test  f rom a sys tem of equations which in turn had been obtained f rom the 
mean-over - the- leng th  values of the true vapor content in the cutoff method. All calculations were per formed on 
a computer.  

The resul ts  of this test data evaluation concerning the true vapor content are shown in Fig. l a -c  in the form 
of p = f(fl) curves,  indicating three ranges of different relations between ~ and ft. Within the f i r s t  range of low 
vapor contents, during adiabatic flow q~ is an a lmost  l inear function of fi and independent of F r  0. With heating , the 
values of ~ in this range become higher than during adiabatic flow at the same levels of the equil ibrium vapor con- 
tent ft. Visual  inspect ionhas shown that within this f i r s t  range the vapor phase flows through the pipe essential ly 

951 



o,e 

0 

1,o 

e,e 

~a 

e,Z 

O 

o 

0 

///% 
/ %  

q2 q, a,e a,a 

8 / 

f / % / , o  
S / "  

a q2 r  q6 qa 

Fig. 1. Graphs of q~ = f(fl): 
a) q = 0; b) qG = 2520 W / m ;  
c) q D / r  = 0.336-10 -4 . 1, 5,9) 
F r  o = 0.85; 2, 6, 10) 1.5; 3, 7, 
11) 2.35; 4, 8, 12) 4.1. 

along the upper generatr ix  in the form of fine bubbles and separate  lumps. The right end of this range corresponds 
to flow modes with ra ther  large regular  lumps of vapor appearing across  almost  a l l  the pipe section but stil l  
pulling toward the upper generatix. This end is ,  on the basis of test  data, defined as 

~ = 0.975-- exp [ - -  (1,3 § 1&95 ~ / -  q ~ )  V~o J �9 (7) 

During adiabatic flow, the relat ion between (p and fl within this f i r s t  range is 

~0, = 0.8~, (8) 

resembling the equations by Armand [2] and by Odishariya [3] for w a t e r - a i r  mixtures with the Froude 
number not higher than 4. The increase in the true vapor content with heating can be explained by the 
thermodynamic nonequilibrium between phases [4], as a resul t  of which the vapor content ~ determined 
f rom the heat balance is not equal to the f low-rate vapor content fi '. 
rained relating these two vapor contents: 

~ ' = ~ + b  ~'--~ (9) 
c + ~  ' 

The following equation has been ob- 

whe re 

4[~ I qoo2 3.2[~ q~o 
b ~--- ( 0 . 8 ~ i  _ _  q)o) ~ , c - -  ( 0 , 8 ~ i _ _  q)o) 2 , 
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Fig .  2. Graphs  of eft = f(fl): 
a) q = 0; b) qG = 2520 W / m ;  
c) q D / r  = 0 . 3 3 6 . 1 0  -4 . 1 ,5 ,  
9) F r  o = 0.85; 2, 6, 10) 1.5; 
3, 7, 11) 2.35; 4, 8, 12) 4.1.  

and whe re  q~0 denotes  the t rue  vapor  content  at fl = 0 de t e rmined  f r o m  tes t  da ta  acco rd ing  to the f o r m u l a  

% = V qD (10) 
0.581 @ 7 

Re la t ion  (9) has  been der ived  under  the fol lowing assumpt ions :  that  within the f i r s t  range  ~ is the 
s a m e  funct ion of the f l ow- ra t e  vapor  content  fl ' dur ing heat ing and dur ing adiabat ic  flow, that  within the 
f i r s t  r ange  the phases  a re  a lways in t h e r m o d y n a m i c  equ i l ib r ium,  that at r = 0 a l so  the de r iva t ive  0~/~fl 
= 0 in a f low with heat ing (which indica tes  t h a t r  smooth ly) ,  and that  at the end of the f i r s t  r ange  
f o r  a flow with heat ing the phases  a re  in t h e r m o d y n a m i c  equ i l ib r ium (which has been conf i rmed  by tes ts) .  

In this way,  fo r  all modes  adiabat ic  and with heat ing 

q)~ = 0.818' (11) 

within the fl _< fiI range .  

953 



TABLE 1. Values of Cq vs fl', Fro, and q 

Fro 

0,85 

1,50 

2,35 

4,10 

0,336.10 -4 1,000 1,000t0,929 
2,220-10 "4 0,999 t 0,996 0,799 
O, 336"10-4 It,O00ll,O00 0,943 
0,672.10 -4 1,000 0,999 0,929 
1,008.10 -4 1,00010,999 0,927 
1,680.1.0 -4 0,999 1 0,997 0,923 
0,336.10 -a i,O00 1,000 0,998 
1,344.10 -4 1,000]0,998 0,991 

1 ,ooo / 1 ,ooo 0,336-10-'1,008.10_, 11,000/0,999 0,998 0,993 

09 o92 o0 10g01097 o081o  

0 90810 983 0 9 810 9 410 906t0 901t0 
0, 731/ 0,777 0,71210,69710,67410,648] 0,615 
0,9281.0,924 0,9281 0,923] 0,917 ] 0,9121 0,901 
0,884 t 0,878 0,883 0,872 1 0,8641 0,850t 0,835 
0,85310,842 0 839]0,831 [0,817]0,803]0,775 
0,806 i0789 0,77110 t0745107i9 ]0687 
0,919 ] 0,921 0,923 t 0,925 ]0,9231 0,9121 0,904 
0789 0,828 0,80710,79810,789[0,76710,737 
0,994 0,928 0,932 0,929 0,92910,92110,906 
0,981 0,900 0,868 0,860 0,841 0,820 0,799 

Within the third range of high vapor  contents the flow s t ruc tu re  becomes  quasiannular .  The vapor  
moves  in v e r y  long lumps with re la t ive ly  shor t  intervening foamy segments .  The liquid phase has here  a 
wavy boundary sur face  around the ent i re  p e r i m e t e r .  Extending Eq. (9) to this range has yielded an e m -  
p i r ica l  fo rmula  for  adiabatic flow and for  flow with heating: 

~t~i=~,(l_ k 1--~' ) (12) 
1.0285 - -  ~' ' 

where  

k ~ 0,76 

(1 + 0,2 g Fr0)~ + 272 

It  is  in teres t ing  to note that fo rmula  (12) is v e r y  s i m i l a r  to the fo rmu la  suggested in [51 for  ver t ica l  
v a p o r - w a t e r  s t r e a m s .  This coincidence can be explained by the convergence  of both flow s t ruc tu res .  The 
val idi ty  range for  this fo rmula  is defined as fl _>/?II, where  

~n = 0.975-- exp [ - -  (2.9 + 43 (q~---D) ~F-~o ] �9 (13) 

The magnitude of fllI de te rmines  the lower end of the third range.  

Within the second range - the t rans i t ion range - the t es t  points for  adiabatic flow spl i t  according to 
the t es t  procedure ,  as they do not within the other  ~two ranges .  Fo r  ~he s ame  value of the Froude number  
Fro, the t es t  points obtained by the f i r s t  p rocedure  (indicated by blank c i r c l e s  on the d iagrams)  lie above 
the tes t  points obtained by the second procedure  (indicated by black c i r c l e s  on the d iagrams) .  For  F r  o = 4.1 
(Fig. l a ,  curve 4) no tes ts  were  pe r fo rmed  by the second procedure .  In the case  of flow with heating no such 
spl i t  of tes t  points is noted and, there fore ,  the tes t  points here  (Fig. l c ,  curve 10) have been plotted with 
var ious  notations only for  one tes t  s e r i e s .  

Within this range,  an inc rease  in/3 causes  a buildup of the la rge  vapor  lumps,  while the smal l  lumps 
and bubbles vanish by merging,  because  evapora t ion  is f a s t e r  inside a la rge  lump with litt le curva ture  of 
the in terphase  sur face  than inside a bubble. This leads to m o r e  gliding and a lower vapor  content ~, which 
ensu re s  a smooth  t rans i t ion f r o m  one kind of the ~ = f(fl) re la t ion  (first  range) to the o ther  kind (third 
range).  It  may  be assumed  tentat ively that the overa l l  flow s t ruc tu re  within the second range  consis ts  of 
f i r s t - r a n g e  and th i rd - range  s t ruc tu res ,  each affecting the ~ = f(fl) re la t ion  in i ts  way but propor t ional ly  to 
i ts  re la t ive  content within this second range.  A s imple  assumpt ion  of l inear  propor t ional i ty  yields the f o r -  
mula  

~o~ ( ~ - -  [~') + %~ (~' - -  ~)  
, (14) q~ = ' I~H -- ~i 

in s a t i s f ac to ry  ag reemen t  with t e s t  data  for  flow with heating and for  adiabat ic  flow according to the f i r s t  
procedure .  Here  q~I and q~iII a re  de te rmined  f r o m  Eqs.  (11) and (12). 

Resul ts  of calculat ions by fo rmulas  (11), (12), and (14) fo r  the r e spec t ive  t es t  s e r i e s  a re  indicated 
in Fig. 1 by solid l ines.  
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Tes t  data on hydraulic  drag have also been evaluated and are  shown in Fig. 2a-c .  Under adiabatic 
conditions here ,  too, one notes a spli t  of tes t  points, but not so wide, according to the tes t  procedure .  In 
tes ts  with heating no such spl i t  is noted. 

During adiabat ic  flow within the range of low vapor  contents,  the r e f e r r e d  f r ic t ion  coefficient  r of 
the mix ture  i n c r e a s e s  very  slowly at all F r  o values ,  while at 'high values of fl the i nc rea se  is ve ry  sharp.  
As F r  o i n c r e a s e s ,  r d e c r e a s e s .  Fo r  flow with heating (Fig. 2b, c) the trend of the curves  r ema ins  e s -  
sent ia l ly  the same  as for  adiabatic  flow. The bas ic  difference within the range of high vapor  contents is 
that the curves  for  flow with heating lie somewhat  lower and have a peak (r = 4-6) which d e c r e a s e s  as q 
i n c r e a s e s .  No such peak was reached in the tes ts  with adiabatic flow. 

Hydraul ic  d rag  data f rom tes t s  with heating and tes ts  with adiabatic  flow at the s ame  F r  o values and 
of f low-ra te  vapor  contents /3' de te rmined  according to Eq. (9) a re  compiled in Table 1 in t e r m s  of the ra t io  
Cq = kq/~0, with the f r ic t ion  coeff icients  of the mix ture  ~q when heated and k 0 when flowing adiabatical ly.  
It is evident here  that the Cq = f(/3') re la t ion  is v e r y  complex. This is explained by the different  flow s t r u c -  
tures  in the mode with heating and in the adiabat ic  mode, respec t ive ly ,  at equal values of/3' .  K r is ex -  
p res sed  as a function of both the t rue and the f low-ra te  vapor  content, then the following single empi r i ca l  
fo rmula  will be obtained 

( a - -  m) + O, ~ (a - -  ~') 
~ = 1.1 (a - -  ~') ' (15) 

in s a t i s f ac to ry  ag reemen t  with tes t  data for  both flow modes over  the ent i re  range of tested vapor  contents.  
In this fo rmula  

a 1.0125 ~- 36 qD 
- -  ~ ( 1 6 )  

r 

It mus t  be noted that only the t he rma l  flux appears  in express ion  (15) explicit ly.  The effect  of the 
Froude number  is fully implied by the re la t ions  between ~ and /3'. 

Resul ts  of calculat ions by fo rmula  (15) a re  indicated in Fig. 2 by solid lines and agree  c losely  with the 
t e s t  data. 

N O T A T I O N  

z is the longitudinal coordinate in the s t r e a m ,  m; 
p is the p r e s s u r e ,  N/m2;  
G is the g r a v i m e t r i c  flow ra te  of the mixture ,  N / s e c ;  
g is the gravi ta t ional  accelera t ion,  m / s e c 2 ;  
f is the a rea ,  m2; 
D is the inside d iamete r ,  m; 
3"~ --3"I(1-~) + 3~2~ is the true specif ic  weight of the mixture ,  N/m3;  
w = f2/(fl  + f2) is the t rue vo lumet r i c  vapor  content; 
3~ is the spec i f ic  weight of a phase,  N/m3;  
i/3 = i t ( l - r / )  + i2~7 is the equi l ibr ium heat content of the mixture ,  J / N ;  
~7 is the equi l ibr ium g r a v i m e t r i c  vapor  content; 
x is the t rue g r a v i m e t r i c  vapor  content; 
/3 is the equi l ibr ium vo lumet r ic  vapor  content; 
/3' = Q2/(QI + Q2) is the f low-ra te  vo lumet r ic  vapor  content; 
Q is the vo lumet r ic  flow ra te  of a phase,  m 3 / s e c ;  
i is the sa tura t ion  heat  content of a phase, J / N ;  
r is the latent heat  of evaporat ion,  J / N ;  

r = Xmix/~(ae/3) 
Xmix, X ORefl) 
q 
V 

Y 

Refl = vD[(1--/3)/v 1 
+ /3/v2] is the Reynolds number  of the mixture .  

is the r e f e r r e d  f r ic t ion  coefficient  of the mixture ;  
a re  the f r ic t ion coefficient  of the mix ture  and of a one-phase  s t r e a m ,  respec t ive ly ;  
is the quantity of heat  r e f e r r e d  to a unit weight of mix ture  per  unit length, J / N -  m; 
is the mean  veloci ty  of the mixture ,  m / s e c ;  
is the k inemat ic  v i scos i ty  of a phase in saturat ion,  m 2 / s e c ;  
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S u b s c r i p t s  

1 denotes the liquid phase; 
2 denotes the vapor phase. 
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