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The s t ruc tu ra l  f o r m  of the dependence is obtained and re su l t s  of genera l iz ing  tes t  data on heat 
t r a n s f e r  in b road  ranges  of the change in uniqueness conditions a r e  p re sen ted  on the bas i s  of a 
modif ied Reynolds flow model .  

At this t ime  it has been  solidly es tabl ished that the intensi ty of the heat t r a n s f e r  of two-phase  nonequilib- 
r ium flows f r o m  the wall  of a s t e am gene ra to r  in the d i spe r se  f i lm-bo i l i ngmode  (DFBM) is higher  than in the 
flow of s ing le -phase  s t eam at  the s a m e  Reynolds numbers  [ 1-5]. Meanwhile,  different  views exis t  about the 
mechan i sm of the intensifying influence of the d i s c r e t e  liquid phase  on the heat t r a n s f e r  f r o m  the wall ,  inwhtch 
connection different  methods a re  proposed  fo r  extending the t es t  data [1-5] which do not have adequate g en e r -  
ality(we have in mind resu l t s  of invest igat ions based  on a s epa ra t e  descr ip t ion  of the phases ,  w h e r e h o m o g e -  
neous equi l ibr ium models  of two-phase  flows a r e  not considered) .  Cr i t ica l  r e m a r k s  apropos  of the t r e a t m e n t  
of the t r a n s p o r t  p r o c e s s  mechan i sm in DFBM, proposed  by the authors  of [1, 2], for  instance,  have been ex-  
p r e s s e d  e a r l i e r  in [6-8]. 

A compara t i ve  ana lys i s  of the conserva t ion  equations in the two-dimens ional  formula t ion  for  one-phase  
gas and vapo r  with drops  p e r m i t s  the conclusion that the p r e s e n c e  of evaporat ing drops  spec i f ies  the following: 
deformat ion  of the vapor  veloci ty field because  of the p r e s e n c e  of m a s s  sources  whose intensity i sp ropo r t i ona l  
to the ra te  of vapor  genera t ion  p e r  unit volume and va r i e s  along both the radius  and the length; i nc rea se  in the 
turbulent t r a n s f e r  nea r  the wall  because  of intensive vapor  genera t ion in, namely ,  the n e a r - w a l l  region;  and 
deformat ion  of the vapor  t e m p e r a t u r e  field both for  the reasons  noted and because  of the p r e s e n c e  of heat s inks 
whose intensity is propor t iona l  to the degree  of underheat ing of the liquid phase ,  the ra te  of vapor  generat ion,  
and the degree  of its overheat ing.  It is hence evident that  the tendencies noted should appea r  the m o r e  s t rongly,  
the higher  the drop concentra t ion  in the nea r -wa l l  flow region. 

The known model  of a Reynolds flow modif ied in appl icat ion to two-phase  flows with phase  t rans i t ions  in 
the s t r e a m  was used to obtain a s t ruc tu ra l  f o r m  of the dependence extending the h e a t - t r a n s f e r  tes t  data in 
D F B M  i n  a one-d imens iona l  descr ip t ion.  

Let us cons ide r  a two-phase  flow control  volume with f i lm boiling bounded by the su r faces  Q - S  (Fig. 1). 
The control  volume in te r sec t s  the Reynolds s t r e a m s  gv and gl ref lect ing the convect ive vapor  and liquid phase  
t r a n s p o r t  in the wall  d i rec t ion.  In the r e v e r s e  d i rec t ion  the control  volume in te r sec t s  the s a m e  s t r e a m s  but 
with other  enthalpies ,  where  gl =g' l  + g"/  in w h i c h g " / i s  the pa r t  of the s t r e a m  gl cor responding  to the con-  
vect ive  t r a n s f e r  of the vapor  phase  being fo rmed  in the control  volume because  of a phase  t rans i t ion ,  in con-  
fortui ty with the Reynolds hypothesis ,  the hea t -ba lance  equation for  the control  volume Q - S  is 

qu, = gvivu, + g ' l i l ,  + g~ i v - - g l  il - -gv iv  : 

: g v ( i w - - i v ] [  l +  gi i l - - i l s  + g'i r t i v _ _ i w - -  ] (1) 
gv iv w - -  ~v gv ~ ~ - -  Iv ] 

Here  g = w .  St=~/Cp =kw [kg /m 2" sec] according  to the Reynolds flow model  [9]. Inser t ing d imens ion less  en-  
thalpy heads into (1), we obtain 

Nu = 1 + k 2 wl 0l Wv 
NUo Wvo 0w -}- ki Wvo 

For  s t r e a m s  without phase  t rans i t ions  gW l = 0 and (2) s impl i f ies :  

Nu : 1 +  cl 1-------Z-x ( k 
Nu o cpv x k 1 - -  q~ 

1 + 0  6 

Ow 
(2) 

T w -- Tl 

T~ -- Tv ] ' (3) 
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Fig. 1. Reynolds model diagram 
for a two-phase flow. 

where the member  in the parentheses  is found experimentally as a function of Re v, Re~,  and 6/d [10]. 

For s t reams  with a saturated liquid phase (0 l = 0, gt l = g " l = g l  ) 

Nu 1+ gl 1+0~ (4) 
NUo gv 0w 

Assuming that g / / g v  is proportional to the ratio between the character is t ic  mass  flow rates ,  we obtain 

gl = k Wv = k qevV~ F cp 
gv -- ~ ~ rV~Ox (5) 

The s t ructura l  dependence (4) can be writ ten in different forms depending on the method of determining 
the vapor generat ion intensity. Thus, if 

qev= a6 (Tv --  T,) = Nu 6 ~ (T v --  T,) In (1 + 08) (6) 
6 0~ ' 

af ter  simple manipulation of (5) we obtain 

gt  

gv 

and 

Nun ( ) ln( l •  (7) 
= k  RevPr----- ~- _~_2 

NuoNU _ 1 -- k(2 1-- 0.55 Re ~176 v.a3.) ( d ) 2  (1 --Re~;prv08) ln(10w+ 06) (8) 

If the mass -conserva t ion  equation for the vapor is used in the form 

G d x qe~ (9) 
dz r 

to determine qevV/ / r ,  then the s t ructural  form of the dependence (4) will be as follows: 

Nu = I + k ~--~- d x  1 + 0 6 (10) 
Nu o x d (z/d) 0 w 

Applied to DFBM with its character is t ic  periodic fractionation of the drops along the length of the vapor 
generator ,  the s t ructural  form of the generalizing dependences in the form (8) and (10) has an essential  d is-  
advantage: Such pa ramete r s  as Re6, 6, dx/dz,  and V l vary by a jump in sections of the vapor generator  where 
drop fraetionation occurs,  which resul ts  in an unjustified spread in the tes t  results  [4, 6]. Let us use the en- 
ergy equation for the vapor, 

qwV w = qevVl + Gx div dx 
dz + G(i v - i v ,  ) dz ' (11) 

to express the intensity of vapor generat ion in t e rms  of the uniqueness conditions and the s t ream paramete rs  
which do not experience strong deformations during drop fractionation. After substituting qevVl from (9) into 
(11) and reducing it to dimensionless form, we obtain 

- f "  d(z/cl~ -- Grx(l  +08~ qw~clZ d(z/d) x ( l + O  6) Bo d(z/d) " (12) 

Analysis of the members  in the square brackets  for  different working bodies in broad ranges of variat ion of 
the uniqueness conditions showed that they differ slightly from the quantity (l--x) in the region of high mois ture  
content (~0 < 0.95; x < 0.4); i .e . ,  Bo-ld06/d (z/d) ~1. Hence, substituting (12) into (10), we obtain 

Nu _ l + k  Bo(1--x)tp = l+kBo~. (13) 
Nu o x 0 w 
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Fig. 2. Heat t r a n s f e r  in vapor genera tors  in the domain 
(p > 0.95. See Fig. 3 for  the notation. 
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Fig. 3. Heat t r a n s f e r  in vapor  genera tors  in the domain 
~0 < 0.95: 1) hydrogen [4]; 2) nitrogen [3, 4]; 3) argon [4]; 
4) ni t rogen [113 5) by (16)o The dashed lines show the in- 
te rva l  �9 0.11 (Nu/NUo!. 

Let us note that according to (13) the intensity of heat t r ans fe r  is independent of the degree  of the rmal  
vapor  nonequilibrium (86) and the drop size;  however  he re  x, T v, ~p a re  the t rue  s t r e am  p a r a m e t e r s .  

The s t ruc tura l  fo rm of the dependence to extend hea t - t r ans fe r  tes t  data in the fo rm of (13) is most  con-  
venient, s ince it has been established by the resul ts  of the extension that the function Nu/NUo(BO~) is  l inear  
only in high mois tu re  content domains.  Hence, despite the possibil i ty of t ransforming  the l inear  equation (13) 
to the s imp le r  fo rm 

Nu = [  1 k~(1--x) ] - 1 ,  (14) 
Nu o Re~ '2 Pr~ ,6 

the prac t ica l  uti l ization of (14) in the whole range of var ia t ion of Bo~t is not expedient.  

Results  of extending the tes t  data on the heat t r ans fe r  of hydrogen, argon,  and ni trogen s t r eams  LnDFBM 
are  presented  in Figs.  2 and 3 in the coordinates  of Eq. (13). The tes t  data have been obtained in broad ranges 
of var ia t ion of the uniqueness conditions: r i se  and fall of motion, s ta t ionary and nonstat ionary cooling, channel 
inner  d iameter  d= 10.4, 12.25, 13.4, 19.5, and 23.6 ram, and vapor genera to r  length L /d=30-160  [4] for  n i t ro -  
gen; rising motion, s ta t ionary cooling, d = 10.4, 13.14, 19.5, and 23.6 ram, L/d  =160-200 [4] for  hydrogen; and 
r is ing motion, s ta t ionary cooling, d = 10.4 ram, and L/d  = 160 [4] for  argon.  The ranges of var ia t ion of the modal 
p a r a m e t e r s  are  w=7-1000 kg/m 2 �9 see; P /Pe r  =0.1-0.65; qw-10-250  kW/m2; and T w =90-1050~ Tes t  resu l t s  
f rom [1], obtained for  s ta t ionary cooling of d =8.2-ram vapor  genera tors  by a r is ing ni trogen s t ream,  a re  also 
included in the extension. 

p roces s ing  the tes t  data to obtain the magnitudes of the t rue  phase p a r a m e t e r s  in the dimensionless  com-  
plexes of (13) is pe r fo rmed  on the basis  of solving the sys tem of one-dimensional  conserva t ion  equations for  
each phase  [4]. The computed values of the t rue  mass  vapor  content were  checked by using d i rec t  m e a s u r e -  
ments  by the method of a helium diffusion indicator  [11]. The degree  of the rmal  nonequil ibrium of the s t r eam 
reached the values Xe/X = 1 + 06 = 7.5 in tes ts  with a saturated liquid phase.  

Analysis  of the resul ts  of extending the t es t  data pe rmi t s  making the following deductions. 

1. The propor t ional i ty  fac tor  k in {13) depends only on the quant i typ/Per :  ~k ~{p/Pcr) ~ This dependence 
is taken sa t i s fac tor i ly  into account in the range 0.1 ~ p / P e r  -< 0.65 by insert ing the quantity 1 - P v s / P l  s into the 
p a r a m e t e r  Bo~ : 
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Boq : Bo~ _ qw ~ d2 (1 - -  x) ~? (15) 

1 Pv, GrxOw ( 1 _ _  Dr, )" 
Pl8 P~8 

2. The re  is no s t ra t i f ica t ion  of the tes t  data in the degree  of vapor  overheat ing 06 and the drop s ize ,  
which is explained by the fo rm of the de te rmina t ion  of the vapor  genera t ion  intensi ty  by means  of (12). In 
case  (8) is used, the influence of these  fac to r s  is evident.  

3. The cons t ruc t ion  of t e s t  data in the coord ina tes  Nu/Nu o =fl(Bo)=fa(x)=fa(0w) shows that, o ther  fixed 
p a r a m e t e r s  remain ing  the same ,  the influence of each of those l is ted sepa ra t e ly  on Nu/Nuo i s  identical .  This  
a g r e e s  with the deduction obtained in the f o r m  of (13): The p a r a m e t e r s  Bo, x, and 0 w should en te r  into the 
genera l iz ing  dependence in the f o r m  of a complex  BOq. 

4. The sp read  in the t es t  points is half that  fo r  an extension of the t es t  data in the f o r m  of Eq. (10) p r o -  
posed in [3, 4]. 

5. The sa t i s f ac to ry  co r r e l a t i on  between the tes t  data obtained in broad ranges  of var ia t ion  in theun[que-  
hess  conditions for  working bodies so d ive r se  in the i r  t he rmophys i ca l  p r o p e r t i e s  as  I-I 2, N 2, and A r  indicates 
the good foundation for  the governing d imens ion less  p a r a m e t e r s  used and for  the re l iabi l i ty  of the one -d imen-  
sional models  with a separa ted  descr ip t ion  of the phases  to study the p r o c e s s e s  in nonequi l ibr ium two-phase  
s t r e a m s .  

6. Th ree  domains of the p a r a m e t e r  Boq with different  h e a t - t r a n s f e r  r egu la r i t i e s  a r e  cha r ac t e r i s t i c  for  
the dependence Nu/Nuo(BOq). I t  has  been  es tabl i shed exper imenta l ly  that the volume heat content ~ = 0.95 ~- 0.025 
co r r e sponds  to the l imit ing value Boq = 0.0119, while r =0.7 for  BOq =0.025; i .e. ,  the domain BOq < 0.0119 is 
c lose  in s t r e a m  s t ruc tu re  to the s t r e a m  domain  of the g a s - s u s p e n s i o n  type.  while the domain 0.0119-< Boq-< 
0.025 is c lose  to fluid s t r e a m s  [10]. Taking account  of the deductions obtained f r o m  the ana lys i s  of the two- 
dimensional  conserva t ion  equations,  this  restflt  p r e m i t s  r ep resen ta t ion  of the spec i f ics  of the h e a t - t r a n s f e r  
m e c h a n i s m  in different  ranges  of var ia t ion  of the p a r a m e t e r  Boq as follows. 

Fo r  Boq < 0.0119 the drop concent ra t ion  in the s t r e a m  is smal l ,  and because  of the p r e s e n c e  of a t e m -  
p e r a t u r e  field in the vapor  (i.e., a s y m m e t r y  of the vapor  efflux f r o m  the drop),  they a r e  r emo te  f r o m  the wall.  
Under  these conditions, any inc rease  in the drop concentra t ion  and in the intensity of t he i r  evapora t ion  is a c -  
companied by a c om pa ra t i ve l y  slight growth in the h e a t - t r a n s f e r  intensity Hu/Nu o. Meanwhile,  the growing 
ro le  of turbulent  heat  t r a n s f e r  as  com pa red  with mo lecu l a r  t r a n s p o r t  spec i f ies  a diminution in the influence 
of the t e m p e r a t u r e  fac tor .  Thus,  Nu/Nu o =1.25 fo r  Boq =0.0119, and the re  is no influence of the t e m p e r a t u r e  
factor ;  hence,  the actual  i nc rea se  in the  heat t r a n s f e r  as compared  to a one-phase  gas  at T w / T  v = 5, for  in- 
s tance,  will be Nu/Nu o ~ 3. 

In the range 0.0119 -< BOq -< 0.025 the drops  approach  c lose  to the wall where  the local  vapor  genera t ion  
is a m a x i m u m  (the m a x i m u m  phase  slip in t empe ra tu r e ) .  This resu l t s  in a sha rp  diminution in the t h e r m a l  
r e s i s t a n c e  of the vapor  l aye r s  near  the wall,  i .e. ,  in a growth of h e a t - t r a n s f e r  intensity.  The t e m p e r a t u r e  
f a c to r  does not influence the heat t r a n s f e r .  

A fu r the r  i nc r ea s e  in the m o i s t u r e  content (~p < 0.7) to values cor responding  to compact  packing of the 
drops  (~ = 0.3-0.5) is accompanied  by s tabi l izat ion of the law Nu/Nuo(Boq). In con t ra s t  to s t r e a m s  with solid 
p a r t i c l e s ,  in the domain ~p < 0.7, where  the dependence Nu/Nuo(x) has  a m a x i m u m  because  of the suppress io t i  
of turbulence  in the gas  co re  of the s t r e a m ,  a diminution in the t he rma l  r e s i s t ance  of the nea r -wa l l  vapor  
l aye r s  r ema ins  a governing  f ac to r  under  DFBM conditions, and no m a x i m u m  in Nu/Nuo(x) is  obse rved .  

Tes t  data on the heat t r a n s f e r  of H2, N2, and Ar  in the whole range of var ia t ion  of the p a r a m e t e r  Boq a r e  
extended with a not m o r e  than �9 12a/0 sp read  by the following dependence: 

N___~u = (1 + A So~) ( T~ ~m, (16) 
NUo ~, T v ] 

where  Nu o = 0.023. Rev ~176 �9 Pry~ BOq < 0.0119 and A = 1, n = 0.31, m = 0.55 (BOq- 0.0119)/(BOq +0.0119); fo r  

0.0119 --< Boq --< 0.025, A = fl(BOq), n = f2(Boq), m = 0; and A =40 ,  n = 1, m = 0 fo r  BOq > 0.025. 

For  en~ineering computat ions  on an e lec t ronic  compute r ,  it is convenient to r e p r e s e n t  (16) as  a poly-  
nomial  for  Boq > 0.0119: 

3 .[ 0( u ~UUo 1 = at (tg102 Boq), (17) 
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ao = 1.2273056; a l =  2.4289615; a2=-1.9788744; as=0.98484848. 

Formulas (16) and (17) have been obtained in the following ranges of variation of the dimensionless pa- 
rameters:  x = 0.02-1.0; ~o = 0.3-1.0; 0 w = 1.2-9; P v s / P  l s = 0.02-0.0214; T w/T v = 1.3-8; Boq = 0-0.065; Re v = (0.5- 
50) �9 104; Pry=0.68-1.6. 

NOTATION 

q, heat-flux density; i, enthalpy; w, mass flow rate; cp, specific heat; x, true mass vapor-content; r 
true volume content; T, temperature; d, inner channel dianSeter; F, cross-sectional area of channel; V, perim- 
eter; G, mass flow rate of both phases; r, latent heat of evaporation; z, coordinate along the channel axis; p, 
pressure; p, density; u, velocity; ~, heat-transfer coefficient; 6, average drop diameter; k, coefficient of ther- 
real conductivity; p, dynamic coefficient of viscosity; St--qw/PUAi , Stanton number; Nu-~d/~. v, Nusselt number 
for the vapor; Nus-=~ 6 6 / ~ v ,  Nusselt number for the drop; V l = 6F(1-r  perimeter of the liquid phase; 0 = 
Ai/r ,  dimensionless enthalpy head; l~e6=Pv!Uv--u I tS/~v, Reynolds number for the drop; Pr  v, Prandtl number for 
the vapor. Indices: v, vapor; l, liquid; ev, evaporation; w, wall; s, on the saturation line; 6, drop, o, one- 
phase; cr,  critical; e, equilibrium. 
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