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A s  pa r t  of the current e f f o r t  t o  produce new and improved forced 
convection departure from nucleate boiling (DNB ) heat f lux  correlations 
tha t  would be applicable over a wide range of water conditions, a dimen- 
s ional  analysis of DNB was performed. This analysis was performed by 
non-dimensionalizing the momentum, energy and continuity equations and 
applying selected boundary conditions. From t h i s  treatment, a number of 
dimensionless groups were formulated, and the DNB heat f lux  ws expressed 
i n  terms of these groups a s  follows: 

This relationship i s  appli .cable.to various f lu ids  over a wide range o f ,  
conditions. By means of a heat balance, the continuity equation and the 
equation of s ta te ,  plDNB can then be e'xpressed i n  terms of loca l  condi- 
t ions plus the L/S term. . . 

This functional re lat ionship can be simplified i f  only one l iquid 
and one pressure is.considered since the f lu id  properties a r e  constant.  

' 

and thus may be eliminated. The resu l t ing  simplified relat ionship . is  ::. 
. . . . 

, . . . 

(G .may be substi tuted f o r  V) . ' 
, :  ' . ' It should be noted tha t  the chaMel geometry (character is t ic  , 

-.length i n  boiling, L, and channel spacing, S) i p  included. Present D I ~ B  
correlations 'of the Be t t i s  laboratory contain these terms except t h a t  
t o t a l  length rather  than a charac ter i s t ic  boi l ing length i s  now used. - . 

( ~ e s t s  and analysis are,  underway t o  demonstrate the va l id i ty ,  of using a 
. . . . 

boil ing l eng th*)  , ' .. . 

. Other s imilar  simplified relationships a r e  developed f o r  the sub- 
cooled region, f o r  the bulk boil ing region, 'and f o r  correlations. 'of DNB 
under t ransient  conditions. 

It is concluded that : .  
. .  ! ... . 

1. F0r .a  s ing le . f lu id  a t  one pressure flowing i n  wide channels, 
DMB 13 a function of four independent variab3.e~. Thesevariables could 
be9 h, ,.G, L/S, and S. . . . .. _ . 

2. When the above four variables a r e  used t o  correlate  DNB, any 
apparent i n l e t  subcooling e f fec t  is  caused by an inadequate assumption 
of the form of the functional re lat ionship .between these variable's. 

. . . .. 
. . 



3 .  The mechanism of DNB i n  forced convection i s  s t i l l  not understood. 

4. L/S af fec t s  DNB through the d i  s t r ibut ion  of phases a t  the DNB 
point.  Simply specifying veloci t ies  and qual i t ies  is not suff icient ;  a 
specification of the phase dis tr ibut ion is  a l so  needed. . L: 

' 6 .  

5 .  Further improvements i n  DNB correlations wi l l  probably resu l t  
fkom be t t e r  assumptions f o r  the functional relationships and the use o f '  
la rger  numbers of undetermined constants. There is  no reason t o  expect 

s t h a t  a function of one variable alone times a function of another variable 
alone, etc . ,  w i l l  suf f ice  i n  correlating the data. 

It is planned t o  use these various dimensionless g~oups i n  producing 
DNB correlations t h a t  would be agglfcable over a cnmprs,t.ively wide range 
of k t e r  conditions and pressures. It i s  not expected tha t  a simplified 
relationship,between these p o w $  w i l l  be found. Perhaps a graphioal 
representation w i l l  be necessary t o  produce the opt- correlation. 
(This type of representation is now used i n  many other f i e lds  of heat 
-bransf er and hydraulics ) 

INTRODUCTION 

In  the cburse of developing the forced- convectron departnra from 
nucleate boiling (DNB)* correlations from the increasing mass of DNB data, 
the num-~er of factors  which it has been found necessary t o  include has 
s teadi ly  increased. A s  more and more factors have been included, it has 
been considered tha t  these factors  were perhaps not independent but rather 
were related through one of the conservation principle6 (energy or  m ~ s s )  
o r  some geometric condition. Further, since the generalized Dm carrel* 
t ions appear t o  be inferior t o  curves through the raw data f a r  prniiict.fon 
purposes, the question ar ises ,  what has been omitted from the exfsting 
DM3 sorrelatfono? ~herefoke,  Pt wuuld appeur that a gefiefal examinatfon 
of DNB correlatf ons i n  enclosed channels f s needed. Several Russian , . 
workers ( ~ e f s  1, 2, and 3) have included dimensional analysis i n  the i r  
papers, but the 'bas i s  of these analyses i s  obscure, possibly because %of 
the unavailabili ty of references which a re  of common know]-edge to 811 
Russians working in hoat t ransfer .  . 

. . Th= principal correlating qoups which appear i n  Ref 3 00r p001,. 
LSOiling a re  a s  follows : 

Other groups of lesser  importance appear also.  In Ref 2, subcooled' 
forced cpnvec'l;iu11'DNB data is correlated using the following groups. 

. -. 
. . 

* Departure from nupieate boiling (DNB) is used by the N a v a l  Reactors 
Program t o  denote the heat f lux a t  which heat t ransfer  burnout occurs. 
See Ref 5 f o r  a discussion of the experimental techniques used t o  
determine t h i s  heat flux. 



Because the basis  of these dimensional analyses i s  obscure, it has 
been decided t o  perform a general dimensional analysis of DNB i n  ve r t i ca l  
channels and t o  base t h i s  a b l y s i s  on the applicable d i f f e ren t i a l  equa- 
t ions.  It is recognized tha t  i n  formulating these equations some 
assumptions have t o  be made concerning the nature of the process they 
attempt t o  describe. These assumptions natural ly  follow from the 
character of the experimental resu l t s .  Thus, t h i s  dimensional analysis  
does not yield any "new" re su l t s  but  docs provide a valuable too l  f o r  
organizing and comparing the r e su l t s  of a large number of experiments. 

We sha l l  begin by writing d o h  the conservation principles and the 
necessary boundary conditions fo r  flow with heat addition i n  a channel. 
These conditions a re  suf f ic ien t  t o  determine the  solution a t  every 
i n  the channel. These equations and boundary conditions w i l l  then be . 

put in to  dimensionless form and the nature of a complete solut ion wi l l  
be described. A DNB c r i te r ion  w i l l  then be developed and the minimum 
number of independent groups upon which t h i s  c r i t e r ion  depends w i l l  be, 
selected. The, minimum number of ,independent quantit ies w i l l  then be 
established f o r  various special '  DNB .conditions. 

DERIVATION OF EQUATIONS 

The Conservation Principles 

On the basis  of unpublished experiments performed a t  Massachusetts 
Ins t i tu t e  of Technology and the large body of published data now i n  
existence, it can be said t h a t  DNB is not s igni f icant ly  affected by 
e i the r  surface conditions o r  by surface thermal properties.  It appears 
therefore, t ha t  DNB occurs a s  a r e su l t  of some l imit ing hydrodynamic 
process and t h a t  t h i s  process occurs a t  some distance from the surface. 
It sha l l  be assumed, therefore, that t h i s  i s  the case and t h a t  the only 
ef fec t  of a heat f lux  a t  a liquid-vapor interface i s  t o  cause the evolu- 
t ion  o r  condensation of vapor. 

Let us se lec t  the volume exis t ing between the point o f d n i t i a t i o n  
of boiling and the end of the channel as  the control volume. This i s  
i l l u s t r a t ed  i n  Fig. 1. In  general, a t  each cross section, 50th phases 
e x i s t  with an interface separating them. The Navier-Stokes equations 
and the continuity cqulztion y t  be sa t i s f i ed  f o r  each of the phases. 
The energy equation f o r  the l iquid is a lso  relevant a s  long as the , 

l iquid i s  subcooled. These equations a re  discussed below. 

The steady Navier-Stokes equation, Ref 4, f o r  an incompressible 
l iquid i n  the absence of gravity i n  the x direct ion f o r  two dimensions 
i s 9  

* 
DNB w i l l  occur a t  the end of a uniformly heated channel. 

' .3 



A similar equation can be written f o r  the direction. Gravity i s  ' 
omitted because the experiments indicate tha t  f o r  reasonable veloci t ies  1 

i t . i s  not .an  important variable.  The process i s  steady i n  %he sense 
that a turbulent flow i s  steady. That is, the time average &loci ty  a t  
a: point  i s  independent. of the time - f o r  long enough time in terva ls .  . 
Similarly, the continuity equation f o r  the l iquid f o r  incom~ressible,  flow 
is': . . 

This i s  valid whether the flow is  steady or  not. The energy equatj,on 
f o r  steady flow is: - 

1n:thfs  equation the diss ipat ion terms have been eliminated a s  insigni- L 

f i can t .  Equations similar t o  Eqs (1) and (2) can be written for the 
gaseous ,phase. They a r e  the same as those f o r  the l iquid except that 
d i f f e rea t  properties a r e  used. Before considering the boundary condi- 
t ions i n  de ta i l ,  it i s  appropriate t o  indicate how the solution t o  t h i s  v 

problem could be obtained. To do th i s ,  it is necessary t o  consider 
b r i e f l y  a more general formulation. Let us begin with the unsteady 
Navier-Stokes equations. 

The two-dimencioml unsteady Navier-Stokes and continuity equations 
can be reduoed t o  a oinglc non-linear equation i n  oue v a ~ - l ~ l ~ l e .  This is 
accomplished by defining a new variable, the stream function, which 
s a t i s f i e s  continuity, ident ical ly ,  and writing the Navier-Stokes equa- 
t i o n  i n  terms of it. Pressure is eliminated from the new Navier-Stokes 
equations by cross d i f fe rent ia t ion  and subtraction. This procedure is 
described in Ref '4 i n  greater  de ta i l :  It i s  suf f ic ien t  t o  say t h a t  
since the  resul t ing equation i s  fourth order i n  the new variable, four 
boundary conditions a r e  needed (two fo r  x and two f o r  y) . The y 
veloci ty  conditions a r e  the veloci ty  a t  each of the walls. The x veloc- 
i t y  conditions a r e  given a t  the i n l e t  and consist  of the veloci ty  and 
i t s  f i r s t  derivative.  

: In 'pr inc ip le ,  the resu l t ing  d i f f e ren t i a l  equation could be solved 
completely by a numerical method. Let us assume tha t  it has been put 
i n  i t s  f i n i t e  difference form)and that a l l  i n i t i a l  and boundary condi- 
t ions  have been s tated.  Solution would proceed by solving f o r  a new. 
value f o r  the stream function a t  each point f o r  each time. The 
veloci ty  components could then be obtained by performing the appropriate 
d i f fe rent ia t ions .  The solut ion for  a single phase would then be complete. 



The solution f o r  two phases can be accomplished i n  the fo.ll.oying 
manner. The complete specification of the i n i t i a l  conditions would 
have to t inc lb le  the posit ion of the phase boundaries. I n  a rigorous 
solution , to the problem, the phase boundaries would, in general, be a 
function of space and time. Therefore, when solving the difference 
equation f o r  the- stream function a t  a point, it is  necessary t o  observe 
which phase' is  a t  t ha t  point and t o  use 'the appropriate equation. A 
complete solution t o  the problem would consist  of specifying the 
velocity components and the phase a t  each point a s  a function of time. 
Physically, there i s  reason t o  expect tha t  the solution would not be 
periodic. However, i f  long enough time intervals  a re  assumed, the 
average velocity of each phase a t  any point and the f rac t ion  of time 
that each phase occupies the point would be independent of time o r  the 
time interval .  Therefore, the unsteady formulation is  probably not 
needed and the steady formulation which is used here is  suf f ic ien t .  
If the ve loc i t ies  a re  known everywhere the pressure derivatives can 
a l so  be found. The energy equation is  coupled t o  the ~avie 'r-stokes 
equation through the evolution or  condensation of vapor a t  an interface 
a t  which there i s  a flow of heat.  

To summarize, it i s  possible t o  reduce the Navier-Stokes and 
continuity equations t o  a single equation i n  one unknown. In principle,  
the veloci t ies  would be determined by solving t h i s  equation by some 
f i n i t e  difference method. The solution t o  the energy equation could 
a l so  be accomplished i n  the same manner. When the velocity i s  known 
everywhere, the pressure derivatives can be obtained. Therefore, the 
complete solution t o  the or ig ina l  problem can be obtained and would 
consist  of specifying average values of u, v, P, and T a s  functions of 
x and y f o r  each phase a t  every point.  In  addition, Xs, the s t a t i c  
quality, would a l so  be needed t o  indicate w h a t  f rac t ion  of the time 
each phase occupies a given point. 

The defini t ion of Xs i s  

Where tg is  the time a point is  occupied by vapor and tf i s  the time 
during which t h a t  point i s  occupied by the l iquid .  Let us,now return 
t o  the statement of the boundary conditions appropriate t o  Eqs (1) 
through ( 3) 0 , . -.. 

These four equations fo& the l iquid ((1) f o r  x and f o r  y, (2) and . 

(3)), a r e  rel6t ions between the variables u, v, P, and T i n  terms of 
the coordinates x and yo  Their solution would consist  of specifying u, 
v, P, and T a s  functions of x and'y. Sfmilar variables and solutions 
e x i s t  f o r  the VEipor phase except tha t  temperature i s  no.longer a 
d r i a b l e  so tha t  there is  no energy equation. The solution fo r  thk 
l iquid  and vapor would be connected ,, through X,. 



. . , , , ,  , 

Boundary. Conditions.- ' . . . . , . % 
, . I:., . . 

Velocity boundaryconditions a r e  needed a t  the channel b.bundar.ies, 
a t . , the  entrance and a t  the  phase boundaries . Temperature.. boundary condi- 
t i a n s , . f o r . t h e , l i q u i d  a r e  needed a t  .the i n l e t  and at:all l iquid boundaries. 
In.addition, it is necessary t o  s t a t e  the pressure so tha t  physical . 

properties of the  l iquid  and the vapor may be evaluated. These various 
conditions a re  as follows fo r  the l iquid: , . . .  . , . .  . 

. . . .  . . .  . . . . . .  . * 
, , ' - .  : .. 

.. a t  : y = + ~ / 2  . . . - 
. . . . .  . . 

. . . .  u = o  . . .  

. , .. . . 

. . . . . . .  . a ~ : -  a': 
e .  - - 

. . . .  5 k f  . . . , .  . - 

. . . . .  

A t  ..thd . t r ip lo  intcrfaee 

0 '  = constant 

T. .=, T.. 
s .  . 



At the liquid-vapor interface 

For the yapor . . 

'at y =- + ~ / 2  - 

Both the temperature and the velocity boundary conditions at the 
wall are somewhat unreal. The vapor is not generated right at the wall 
and it is not uniformly generated over the entire surface. The vapor is 
generated at the liquid-vapor interface at a small distance from the wall. 
The temperature at the wall is also a little above saturation on the 
average. The justification for these approximations lies in the fact 
that the details of the heat transfer process at the wall appear to be 
strongly affected by the wall surface conditions while the DNB phenomenon 
is not. Therefore, it might be concluded that these approximate wall 
boundary conditions are sufficient. In essence, it is assumed that 
the limiting process leading to DNB occurs at some distance from the 
wall and that the details of the process at the wall are not important. 

Non-Dfmensionalizing the Equations and Boundary Conditions- , .  

The equations are non-dfmensionalized by means of the dimensions and 
properties which appear in the formulation of the problems. Let us de- 
fine dheusludeas vaffal>les aud coordinates as follawa: 

fo$ all velocitieo 

X @ = -  
S for all lengths and similar quantities 

T - T, 
for temperature 



poc = P f o r  pressure . . . . .  . .  ,. i 
' . .  ' I . . . . . . .  , 7 1  

When these variables a r e  substituted i n  Eqs '(1) through ( 3 ) ,  along with i! 
the simJlar opes f o r  the gaseous phase, the resul ts ,  when grouped, are r X 

a s  follows f o r  one of the Navier-Stokes equations, 
. . . , 

\ Similar resul t s  are obtained fo r  the other two egwtionsb The cnntfn11l.t.y 
equation becomes 

The energy equation becomes (for a l l  l iquid properties) 

The'bomdary -conditions f o r  th'e l iquid. become ( i n  the, same order that 
, % .  they .were originally. presented') : 

. . ,- !, 1 .  . . .  . . . . . . . .  . . . .  

. . . . . .  . . 

A t  , the entrance , ,  . . ,  . I . . 



A t  the t r i p l e  in te r face  

f3 . , " = constant 

Tn = 1  

A t  the l iqu id  -vapor interface 

The corresponding Navier-Stokes equation f o r  the  vapor phase i n  the  x 
di rec t ion  is  a s  follows: 

The equation f o r  the. y coordinate i s  s imilar .  The continuity equation 
fo r  the  vapor phase is  a l so  s imilar  so t h a t  it w i l l  not be ~ ~ o a s i d e r e d : :  
fu r ther .  There a r e  no new boundary conditions a t  the interface viewed 
from the vapor s ide  so tha t  the  only relevant boundary conditions f o r  
the vapor are:  

The dimensionless and boundary' conditions i n  the: preceding 
equations can be collected ,and a re  a s  follows: 

' 
.. . 



Not a l l  of these.groups are  independent. A s e t  tha t  i s  indepen- 
dent i r  a s  follows: . .  . 

The complete solut ion t o  t h i s  problem would give u*, +, F, P, and 
Xs as $unctions of fl and yJc w1t.h. the. above dimensionless groups a o  
parameters. Let us now turn our consideration t o  DNB. - 

DNB - 
I f  the ent i re  oolution t o  the flow piboblea is  determined men the 

above dimensionless groups are  fixed, then the DNB conditions must be 
.fixed also,. It i s  now worthwhile t o  consider what is. meant by DNB. 

, . 



A number of d i f fe rent  def ini t ions have been advanced, a l l  of which a r e  
similar, when8compared on the basis  of heat f lux.  A t  t h i s  point, the 
authoc would l i k e  t o  advance s t i l l  another def ini t ion which i s  similar 
t o  the others i n  practice but which permits an easy interpretat ion i n  
hydrodynamic terms. The defini t ion of DNB used i n  t h i s  paper i s  
different  from tha t  i n  common use. However, i n  terms of heat flux, it 
i s  very similar.  

Let us imagine a patch of the surface a t  the most l i k e l y  DNB point.  
Boiling is  occurring a t  t h i s  patch. A t  some instant  a t  a given heat 
flux, a section of the surface may look a s  it does i n  Fig. 2. The 
probable surface temperature p ro f i l e  i s  a l so  shown on t h i s  f igure.  - 

When the heat f lux  i s  increased, the number of bulj;bles:.incre&ses 
on th is -pa tch  of surface and the heat t ransfer  coefficient of boi l ing 
change& . Such a "heat t ransfer  coefficient can be defined a s  : 

., ..: . - 

As the bubble packing on the surface changes, a w i l l  change but a t  some 
packing f o r  given f lu id  properties,  surface properties and contact angle, 
a w i l l  be a t  a maximum. Let XDNB denote the s t a t i c  qual i ty  associated 
with such a pa.cking and ident i fy the m a x h  a point with the DNB point. 
XDNB i s  a def in i te  number. It can be shown t h a t  t h i s  i s  the point where 
the l ine  with a 's lope of 1 i s  tangent t o  the I n  fi vs In (KC) curve. Let 
us now return t o  consider the nature of the solution of the problem that 
has been formulated i n  the previous discussion. 

. .The veloci t ies  and qual i ty  a t  any point a r e  determined when a l l  .the 
dinknsionless groups a re  fixed. That i s ,  , . 

Xs =.  f (x*,. p, and groups a, b, c, d, f ,  h, i, and, .k) . . . . 

Since, with a uniform heat f l u ,  DNB occurs a t  the end of the channel 
near the w a l l ,  . . 

(L  + 1/2, and groups a, b, c, d, f ,  h, i, and k X s = X D m = f  - 5 9 -  

. . 

. Therefore, i f  it i s  recalled tha t  XDNB is  a de f in i t e  number, and a l l  the 
constants i n  the unknown functional re lat ionship a r e  grouped,. the above 
equation can be solved fo r  any one of the unknown functional groups. 
For example, 8q (10) can be obtained 

Equation (10) expresses 9 i n  terms of s ignif icant  dimensionless groups. DNB 



Although most o f .  t he  l iquid and'vapor properties appear i n ' t h i s  
equation, the most important,variable i s  probably the vapor density.  If 
one assume's tha,t a l l  the var iat ions i n  properties.  a re  included iii ' 'the 

. .  . . ,  . , 
.. - 

pf 
. . ) : . '  I . .  .. " 

- term, probably only small e r rors  w i l l  result. ' :  ". ( # .  -;.,: ,- 

. . -  ... . .  . 
. . . .. . 

. . 

It i s  not possible t o  develop, from t h i s  s e t  of groups, the 
pr inc ipa l  correlat ing group of Ref 3, 

@DMB ' - . , , -. . 
0.5. 0.25. 

hfg pg 
This is  becake  gravity has been omitted. It i s  
done because. the e s sen t i a l  processes a re  a s  d i f fe rent  a s  forced,and 
nat ,wal , .  convect~on . .Gravity Is generally omi t t ed  from the forced ..con-. 
vection correlatfons, although there f s  a .  c lass  of ,problems .in which ., 
buth forced and mztiral convection e f fec t s  appear. 

Correlation i n  T e m ~  of Local Conditions 

It seems more reasonable t o  correlate  i n  terms of the conditions 
e i i s t i n g  a t  the DMB point since DNB appears t o  be a loca l  phenomenon. 
The f i r s t  law, the continuity equation and the equation of s t a t e  a r e  
.needed to.  accomplish th f s .  These e q 9 t i o n s  a r e  respectively, : , 

r . -  , . '  . , . 
p . =  f (h) .. . 

- ' These equatloiis"re1ate h and v, the enthalpy and the velocity a t  the D m  
pofnt, to known i n l e t  conditions. With these equations it is' poss'ible 
t o  e l b i n a t e , . t h e  i n l e t  velocity and the i n l e t  temperature from the groups 
of Eq (10) .'- L/S remains, however, and the reason why it should appear 
w i l l  be explained i n  the next section. 

. . . . . ' 
General Considerations Relating t o  a DNB Correlation 

I f  a' correlat ion for' a single f lu id  a t  only one pressure i s  desired, 
no variat ion i n  f lu id  properties ex i s t s  and these f l u i d  properties need 
not appear i n  .the' correlat iono Then, from Eq ( lo) ,  the DNB. heat  flux'. i s  

. . a " fimctf on .of' only .four vai-iables, 
. . . . . . . . 

' ' . equ ik1en t : se t  of four variables i n  terms of 1 o c a 1 , c o n d i t i o n s ' ~ c ~ b e  
obtained from Eqs ( l l ) ,  (12'), (13), and (14)~ 



G could be used instead of .i but it ,does not appear t o  have the physical 
significance t h a t  V has. 

The selection of the proper four correlating variables i s  d i f f i c u l t  
t o  answer i n  general, but cer ta in ly  the following three considerations 

. a r e  among the .most important: (a) The simplicity of the functional 
relationship,  (b) ease of extrapolation, and (c) ease of physical 
interpretat ion.  

In the beginning of t h i s  dimensional analysis of DNB, it was 
decided tha t  a t ten t ion  should be confined only t o  the patch or: section 
.g.f tube a t  which DNB occurs. It was found, however, t ha t  i n  order t o  
describe co'mpletely the conditions 'existing a t  the i n l e t  t o  . this section, 
i!t. *s necessary t o  specify how the phases were dis t r ibuted acros's the 
'channel i n  addition tospec i fy ing  the mean enthalpy and velocity.  - That 
i s ,  Xs and the normalized veloci ty  d is t r ibut ion  were needed f o r  each 
phase. This normalization would use the velocity calculated from Eq (12). 
In  general, the specif icat ion of a curve involves an i n f i n i t e  number of 
parameters. Thus, a dimensional analysis with an i n f i n i t e  number of 
groups cannot be used a s  a device f o r  reducing t o  a minimum the number 
of quan.tities which must be considered. However, when the whole flow 
channel is  examined, the' number of independent groups i s  reduced t o  
the 'four shown i n  .Eqs (14) and (15). Thus, the L and S of Eq (15) 
should be considered a s  quant i t ies  needed t o  specify the velocity and 
phase dis t r ibut ions across the channel. . 

'  h he L and S ef fec ts  on DNB can a lso  be expl&ined from the stand- 
point of the f lu id  mechanics,of boi l ing 'in a channel. Imagine a channel 
through whi,ch ,two phases a re  flowing. For a given flow r a t e  f o r  each: 
of the phases, there i s  one par t icu lar  d is t r ibut ion  of the two phases, 
i - e . ,  s t a t i c  quality.  I f  a l l  the vapor i s  generated a t  the w a l l ,  ( i .e . ,  
by heat t ransfer) ,  there a re  other possible phase d is t r ibut ions  each 
of which is  dependent on the r a t e  of steam generation. That is, the 
dis t r ibut ion depends on the throughput. ve loc i t ies  of each phase and 
the normal veloci ty  a t  the w a l l .  I n  the next paragraph it w i l l  be 
shown how the' normal velocity a t  the w a l l  is related t o  the  L/S effect. .  

Let ue .consider t h e c a s e  t ere L is  measured from the point where 
bulk boiling begins and rewrite the f irst l a w ,  Eq ( l l ) ,  f o r  the channel 
i n  the following form, , 

. . 

'Assuming fag or homogeneous flow, the mixture density i s  expressed as; 
I . . . .. 

~kiis can be written i n  the following form 



. f o r  *he hLgher.range of qual i t ies .  . . . . . . . 
. . . . . . . . .  . f . . .  

When, t h i s  value of p is subst i tuted i n  Eq (16), the resu l t  5s.: . . .  - : 
. . . .  . .  . . 

. J  

, . 
. . . , . . . . 

Thls .expressidn shows t h a t  the L/S is related t o  the: r a t i o  of th= $hrbugh- 
! "put velocity t o  the normal velocity a t  the $all .  This r a t i o  . f s' probably. 

needed.' t o  f i x  the phase df s t r f  but iops i n  the channel. The nature 'of ' the 
L/S effect on UNB is  not obvious, 'however. . . 

. . . . '  . , 

. . 
- ,  < 

' ~ q k t i o n  f17) indicates tha t  small values of L/S are  associated . ' 

.'with high D~UB heat fluxes. However, the high DNB heat f i k e s  th&dselves 
mean lar$e normal veloci t ies  a t  the wall so tha t  one would expect that 
the'concentration of l iquid a t  the m l l  would be less : .  A s  a resul t ,  
one .:would then' expect .a lower DNB heat flux. In addition, one ,finds 
L/S eff.ects pers is t fng . for  'distances greater 'than our 'experience with . 

. i  . '  single .phase heat . . .  t ransfer  would predict;  . 
". : . . . 

Tl-~re  are  two  s e t s  of experimental obaervations which help i n  " 

rat ional izing these paradoxes. One i s  concerned with the physical 
-nature o'f th= L/s e f f e k ,  the other. with the l inear  extent (along the 

. . ''channei) of t h i s  eff&& ' These -observations do not "explain" tho 
r e s u l t s b u t  they &o give a. physical picture which i l l u s t r a t e s  the, 
differences . .  , between .large 'and &mall  values ,of L/S. , , , . . . .  

. *  , ,  

.hcfcz=eneea 8 and. 9 rePokt some . wrk done a L luw on' 'air- 
m,ter.  syatemsd Figures 91 .th&ough 96 of R e f  '8 show a ser ies  of.,pho;to- 
graphs taken i n  a simulated boiling system i n  which water flo'ws . i n . a t ,  
the top A d '  air 'flows i n  a t  the ' sides through 'porous bronze. ' Each , ,' 

se r i e s  is  taken a t  constant water flow r a t e  and incrtias'ina ' a i r  flow 
' 

ra te .  On each of t h e ~ e  picturco, l ine8 which connect regions of cbn- 
s t a n t .  fLowirig conditions can be drawn. . In  terms of a boiling. system, , 

these l ines  cohnect regions of donstant G and h. It can. be seen i n  
these figures, especially Figs. 91, 92, and 93, tha t  the confbguration 
of the two phases, f o r  the same apparent flowing conditions, is  quite 
d i f ferent .  These differences can be interpreted a s  an L/S effect.. The 
t e s t  section i n  t h i s  s e t  of experiments is quite short, but it is  a l l  
"boiling length" because the conditions of the t e s t  correspond t o  
saturated, water a t  the inlet ' .  . The, photographs shoi twt flows with : . 
large normal veloci t ies  tend t o  form gas cores a t  a lower quality, 
thereby tending t o  concentrate the liqkid a t  the.walls.  ?is i s  con- 
s i s t e n t  with our observations on DNB, dut  s t i l l  is contrary t o  oui 
ins t inc ts .  
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Reference 9 reports some work that'was performed under conditions 
qui te  d i f fe rent  from those of in t e res t  i n  reactor design. It i s  
interest ing t o  note, however, t h a t  the entrance ef fec ts  i n  two phase 
flow1 without heat addition can pe r s i s t  f o r  very great distances.  Figure 
6 of Ref 9 shows tha t  values of L/S greater than 300 were sometimes ye- 
quired f o r  f u l l y  developed two-phase flow t o  occur. I n  the case of a 
channel with heat addition one might expect such differences t o  p e r s i s t  

a indefinitely,  because, a s  long a s  heat is being added no unique f u l l y  
developed flow condition i s  being approached. 

To summarize then, DNB occurs as  a r e su l t  of loca l  conditions. 
Apparently phase dis t r ibut ions for  the same flowing conditions a re  
d i f fe rent  fo r  d i f fe rent  values of the normal veloci ty  a t  the wall, 
and these differences give r i s e  t o  d i f fe rent  DNB heat fluxes.  These 
differences i n  normal veloci t ies  a t  the w a l l  a r e  related t o  L/S 
through the first law. 

DNB Correlation fo r  Various Special Conditions 

Since the important correlating groups of Eq (15) a r e  already 
i n  use f o r  correlating DNB data. it does not appear that any important 
quantity i s  being omitted. Therefore; it i s  believed tha t  a large 
part of the sca t t e r  i n ' ex i s t ing  DNB correlations r e s u l t  from the nature 
of the func t iona l . .~k la t ionsh ips  which a re  used t o  correlate  the data. 
There a re  two apparent wdys in which the exis t ing deficiencies i n  the 
correlation scheme may be improved. One way i s  t o  simply use inore 
undetermined constants. Presumably, with. enough constants and with 
good predictions of the proper functional forms, a superior correlat ion 
could be obtained. To the extent that one i s  confident of the accuracy 
of the data, there need not be any l i m i t  a s  t o  the number of constants, 
o r  f o r  tha t  matter the nature of the functional relationships. .  

, . 

The correlations may a l so  be improved by maintaining the simple. 
functional relationships and. small numbers of .constants  but making the 
range of data  correlated by>a given s e t  of 'constants  much smaller so 
tha t  a closer f i t  i s  possible. There a r e  good reasons f o r  both 
approaches. It appears tha t  there a re  gradual changes i n  the importance 
of various parameters so tha t  some terms can be excluded i n  cer tain . 
regions. 

Since it i s  believed t h a t  there a re  no abrupt changes i n  DNB con- 
dit ions,  it would appear tha t  a continuous function has considerable 
vir tue.  I n  the next paragraphs, the important variables i n  each of 
the d i f fe rent  regions of significance wi l l  be considered and the Fm- 
p o r ~ n t  correlat ing groups indicated. A combination of these methods 
I s  possible i f  one uses a simple basic equation but allows the  con- 
s tan ts  in t h i s  equation t o  vary; t h i s  var iat ion can be continuous 
provided' t ha t  they .are presented i n  the form of a s ide p lo t  or  equation. 



: (a)  ' ~oPre la t ion  of Subcooled DMB Data,  . . -.,. . .  . . . .  ... . . 
. .; . . . .  ' ! 

~hotographs '  and density measuieients indicate that .when the 
li quid subcooli pg durf ng . bof li ng . i s large, the bubbles a re  @r>nc,entrated -- i, 
.near the  ,wall The flow configuration i s  then always the same and', is : 
very .simply represented with bubbles . a t  the w a l l ,  and:a generally '.sub,- 

.cooled 1iquid.core.  This' s'tuat on appears t o  continue up u n t i l  .about. 
5 s  "negative qual i ty"  I - 'SI : I? The primary correlat ing variables  

\ % 3  . I . . 
, . 

i n '  t h i s  region a r e  veloci ty  and subcooling. The subcooling can be ob- 
tained from .a heat balance; further,  since the vapor volme is, so . . 
small, the i n l e t  veloci ty  approximates the a c t u a l ~ v e l ~ c i t ~ .  

, . . . 
j .  . .  . . 

L/S e f fec t s  a r e  a l s o  present; however,, it i s  believed tha t  they. .  
would appear t o  be of the same nature a s  those f o r  a s ingle  phase i n  
a pipe. That is, f o r  L/S > 30 t h e i r  effect  would be minor. .The large 
L/S e f f ec t s  i n  DNB appear t o  manifest themselves primarily through phase 
dis t r ibut ions.  For subcooled DNB .the phases 'are always distributed'  the 
same m y .  Therefore, l e t  us say tha t  f o r  a 6ingle f l u i d  and pressure 
and f o r  L/S > 30, ' . . 

. . . . 
. . 

.. ~ h z k e l  spacing i s  probably. a minor variable, a s  it i s  i n  the * 

s ingle  phase heat t ransfer ,  but it does belong i n  the above group: 

The problem becomes more complicated when one considers what 
parameters should be included i n  Eq @8) t o  accoynt f ~ r  variations in 
pressure. Groups a, c, f ,  h, and i a l l  probably belong. Because t h e i r  
inclusion is too complicated t o  be pract ical ,  some simplification i s  
desirable .  When a t t en t ion  is  confined t o  water, a l l  property varfa- 
t ions i n  the high pressure range a r e  insignif icant  except f o r  vapor 
density and surface tension. O f  these, the inclusion of jus t  one i s  
probably suf f ic ien t  because the two vary qui te  regularly with tempera- 
ture  o r  pressure. Density is  probably the bes t  one t o  choose because 
it is be t t e r  known. Thus, fo r  subcooled water a t  pressures above 300 
ps ia  it should be suf f ic ien t  t o  consider, 

author ' s experience i s  t h a t  the e f f ec t  of a given value of 
on DNB is a strong function of pressure. That is, when corre- 

NB data  for  several  d i f fe rent  pressures, it may not be possible 
t o  f ind a function of ITS - T I  times a function of p alone t h a t  w i l l  
work- A product type correlat ing function including fo th  pg and 
( T ~  - T 1 as well as, perhaps, functions of pg alone and ( T ~  - T I  

alone a r e  needed. Th author would suggest, f o r  t h i s  product term, 
the function ITS - TI /pg, since a given amount o f  subcooling appears 
t o  have a greater e f f ec t  a t  low pressure. 



, ..When producing~~a'.correlation.for a l l  f lu ids  a t  a l l  pressures, the 
i s  s t i l l  more d i f f i c u l t .  There i s  no longer any jus t i f ica t ion  

in. assuming tha t  .Fb"Uproperty variations a r e  small so t h a t  a large 
number of terms must be included i n  the correlations.  'A good correla- 
t i o n  scheme would have the primary correlating group containing the 
most important variables with the variations small and the functional 
relationships simple.for the remainder of the groups. Reference 2 pre- 
sents a,.dimensionless .correlation scheme which works well on water a t  . 
high pressure. It i s  questionable whether gravity should appear i n  . ,  

the primary correlating variable a s  it does, because the equations fo r  
any forced convection processdo not contain it. The properties used t o  
make t h i s  correlat ion dimensionless a re  not very s ignif icant  because the 
only data correlated were based on high pressure water i n  a r e l a t ive ly .  
narrow range of pressure, (100-200 atm). . . .  

. ,. . . . 

A study of the groups of Eq (10) 'would indicate tha t  probably the 
, . important groups a r e  as follows: .' . . . . 

. . 

. - . .' 

@Dm = f (  vi s . Pf , -  c Crf (It [T :~ . ; -  T J  
h .  p V 

f g ,  g i Ff . k  . : . .  p v 2 s '  f i hfg g i 
P V S  

r . . . .. 

Certain groups were eliminated. f o r  physical reasons. They a re  the boi l -  
ing length, the gas Reynolds number, and contact angle. None appeared 
t o  be of any part icular  significance. The above groups might be written 
i n  a physically more meaningful form but it i s  not obvious what t h a t  form 
would be. When the groups a r e  written i n  terms of loca l  conditions and 
i n  what would appear , t o  be decreasing order of importance, there. r e su l t s  

This completes the discussion of subcooled DNB correlations.  . 

. . 
.. . (b) Correlatfon of Quality DNB Data .. . . 

Since the L/S o r  L e f fec t s  i n  subcooled DNB a r e  considered t o  
be simply of thermal entrance length or igin while those of the qual i ty  
DNB region appear t o  be of a developing two phase flow origin,  perhaps 
d i f fe rent  correlating lengths a re  appropriate. The void measurements of 
Ref 9 show tha t  very l i t t l e  volume of vapor is developed u n t i l  the  sub- 
cooling is l e s s  than 

&z 
That is, i n  terms of phase dis t r ibut ions,  

a l l  channels a re  the same a t  subcooling greater than th is .  When corre- 
l a t i n g  the qual i ty  DNB data, the appropriate length t o  use, then, would 
appear t o  be the length a t  which the substant ial  increase i n  void volume 
with length begins ( a t  about , j3 subcooling). This would, be almost, 

4 h-6 
equivalent t o  the length. from the z,ero qual i ty  point f o r  many of the. data. 



: Therefore, the quantities which-are appropriate f o r  ,correlating the 
. . . . . . . .  DNB da ta  for, a s ingle  f l u i d  and pressure, a re ,  . from Eq (15), 

A .. 
. . . . .  . , . . .  : I .  . ' .  . . . . . . . .  .. . . 

. . : . . .  . . . ,  . .  . ~ ... I . . .  . . . , % .  ' .  . . . .  . . . . . :  . , , _ . *  > , .  . . 

An .which l&:f.s the length from'the zero.qual i ty  point. A consideration 
of $he probable hydrod.ynamic nature of . the DNB ,process would .lead one t o  
expect t h a t  .the e f f e c t ' o f  a variatkon i n  S would.not be f e l t  a t .  low . 

enough qua l i t i e s  and.for  large enough t.ubes'. The reason fo r  t h i s . f s  . 

t h a t  the  l imit ing hydrodynamic:process probably occurs a t  some small . 
. .d is tance,from,the w a l l .  . I f  the thickness of the layer of liqu2d.on the 
wall is. su f f i c i en t ly  large one would not,expect the thickness t o  be 
s igni f icant .  In view of the probabili ty .that thickness of the l iquid . 
film on the w a l l ,  f o r  the same enthalpy and velocity, i s  proportional 
t o  %he channel s ize,  one would also.expect the channel s i ze  e f f ec t  to" 
disappear fo r  la rge  channels. The velocity.  term . i n  Eq (22) i s  a mixture 
ve loc i ty  which 9s considered t o  be a aood indicatit~u of t.hp velocity og 
buth.pPlsses across the en t i r e  channel. 

. . 

If we wish 'to extend' the cprrelation t o  inb ludea  range of 'prrissui-es 
fo r  one f lu id  a t  l e a s t  one more term is  needed. Actually a l l  properties 
vary somewhat, and the same f lu id  a t  a d i f fe rent  pressure i s  :?ydrodynahi-.. 

. . c a l l ~ . a ,  d i f fe rent  f lu fd  , Never,theless, the most important property ,: . 
var3.atio.n i s .  confined t o  the vapor density.  Therefore, DNB should 

.,.correlaf.e fo r ,  one f lu id , .a t  a variety..of pressures i n .  the .quai-ity regf on 
. . .  ,with, , . . . . .  . . 

A s  long as veloci ty  r a the r  than d is  used to correlate  the data, much of 
the  apparent pressure e f f ec t  on DNR would probably be removed- 

I 

It does not appear t h a t  any very large simplifications a re  possible 
i f  one wishes t o  correlate  a l l  f l u ids  i n  the qual i ty  region. However, 
some simplification of Eq (10) is possible. Since the heat t ransfer  
process i t s e l f  does n ~ t  appear t o  be importent, the Prandtl number i s  
probably not signif icant .  Contact angle does not appear fmportant. I f  
l o c a l  conditions a re  used, thermal conductivity w i l l  not enter .  Therefore, 
i n  decreasing order of importance 

I I i 

. . .  
A %$d sheuld be said abbbt  the functional re lat ionship$ ihich 

hold" kh5':most drumise . The li'(iufd ' ~ e ~ n o l d s  number should be important '. 
priniarily a t  low v o i b e  qual i t ies  
phase.'-so tha t  ' t i  function bf..the 

probably ' b e  the best: 



. . 
properties would only be important i n  the region'where the vapor i s  the 
continuous phase and most of of drops. There- 
fore; a f'unction of the .  form 

It would appear a l so  t h a t  the 
qual i ty .  The strong dependence of the "hot patch" effectiveness on 
enthalpy is  an indicat ion,of  the varying importance of "past history", ,  
o r  L/S e f fec ts  on DNB (see Ref 5) . .  Thus, ent .blpy should be included 
i n  the .unctional form chosen fo r  the L o r  L/S term. One poss ib i l i t y  i s  ( !  ( A large number of other poss ib i l i t i e s  e x i s t  too. bui 

f g 
t h i s  .seems t o  .be of a promising form. . . . . 

, , . , . . 

(c)  Correlation of Transient DNB Data . ; . . 

It is  apparent fr0m.a consideration of the problem tha t  more 
dimensionless groups a r e  needed t o  correlate  t ransient  DNB data.  When 
the Navier-Stokes equations a re  written i n  the i r  t ransient  form, no new 
dimensionless groups a r i se .  However, the complete statement of the 
boundary conditions, is  somewhat d i f fe rent  since some of the conditions 
a r e  time-dependent . The various possible t ransient  boundary conditions 
w i l l  f i r s t  be s ta ted and then they w i l l  be put in to  dimensionless form. 

. .. 

. Both flow and f lux  can be t ransient .  It w i l l  be assumed tha t  
before the t ransient  s t a r t s ,  the f lux  and i n l e t  velocity w i l l  have a 
steady s t a t e  val,ue of go and Vi& and.Che dis t r ibut ions i n  the channel 
w i l l  be those. character is t ic  of t h i s  f lu2  and velocity.  Time w i l l  be 
assumed t o  start a t  the beginning of the t ransient .  Following i s  a .  
statement of the various possible.types of f lux  and flow transients .  
The b t s  i n  these furictions define the 'nature of the t ransient  and 
depend on the system characteris. t ics . . . 

. . 
, . .  , 

Three possible f l &  transients  'are 
' . . .  . . 

a., t = 0 
. . . .. 



A possible flpw . : .  t rans ien t  is  
. . . : . . . ,  . . . .  . ( ,  . . .  . . 

These equations can :be non-dimensioizali~zed by.".using. a .!d'imen'sionless ... time 
defined a s  follows: 

Length rather  than channel spacing ws used i n  t h i s  r a t i o  -since the 
t r a n s i t  time appeared t o  be of some physical sigrlificance and L is  . . - 
@ggr~x%matel;y a t r a n s i t  time. Vio 

..When the preceding t ransients  a r e  put i n  dimensionless form, the 
folla.wing groups res'iiit (thes.e groups .are i n  add.it.ion t o  those of Eq p(l.0)). 

, . .  . . . 

When there a r e  both flow and f lux t ransients ,  these groups probably 
interac* among..themselves and a l s o  with the group specifying the loca l  
enthalpy. In view of the large number of groups, the analysis of most 
t rans len t  .DNB data is  therefore very d i f f i c d t . .  . A simple physical 
picture  might, however., help c l a r i f y  the meaning of the above groups . 
and a l s o  :t;lxei17 interactiart3 i 

Ff r s t ,  the terms of the type - a r e  a measure of the  r a t i o  of the 
V l u  

t r a n s i t  time t o  the t rans ien t  time. one would expect tha t  the steady- 
s t a t e  DNB yalues would be appropriate fo r  small values of t h i s  ra t io . ,  
If. one imagines tha t  DNB occurs when .the w a l l  bebomes dry, one would 
expect t rans ien t  DNB effects  t o  a l s o  be qual i ty  sens i t ive ' s ince  the 
thickness of the  layer  of l iquid on the wall i s  probably qual i ty  sensi-  
t i v e  a l s o .  The thickness of th i s  layer  is  probably veloci ty  sensi t ive 
also,  so tha t  some coupling would e x i s t - t h e r e .  It is  desirable t o  use 
these groups i n  analyzing the t ransient  data already obtained a t  the 
Be t t i s  Atomic Power Laboratory. 

CONCLUSIONS 

1. For a single f lu id  a t  one pressure flowing i n  wide channels, DNB is  
a function of four independent vartables. These variables could be 
h, Gp L/S, and S. 



, . 

2. When the above four variable&'are used to correlate DNB,data, any 
apparent inlet subco'oling effect is due to an insdequat,e'assumption 
of the form of the .functional relationship between these..variables. 

3.  !Che mechanism of DNB is still not understood. 
. . 

.4. L/S affects DNB through the distribution of phases at the DNB point. 
Simply specifying,velocities and quali.ties is not sufficient;. a 
specification of phase distribution is important too. 

. . .  

5 .  Further improvements in DNB correlations will probably result from 
better assumptions for the functional relationships and the use of 
larger numbers of undetermined constants. There is no reason to 
expect that a function of one variable alone times a function of 
another variable alone, etc., will suffice in correlating the data. 



. . . . .  . . .  .I ' .  . . . . .  . < 

area 
... . . . . .  . . , . , - . . . . . 

:: - spec i f ic  heat a t  constant pressure f o r  the l iquid. . :  ..':- 
'.! '. . . . ' . . _ . I . .  

boi l ing  length 
. , . . .  . . . . .  I . . .  

length froin the  zero qual i ty  point i n  t h e  channel a t  
. . ' .steady s t a t e  , .. . . . .  . . 

. . . .  ., \ . , . . . .  , i . .  . . . . 

. . . ' . press-we . . .  . . .  . . . . .  . . . , 

R1' H2 principal r a d i i  uf C L U ' V ~ ~ ~ W C  of Itquid-MPOP Intcrrace 

S channel spacing 

T temperature 

V veloci ty  

X quality,  flowing 

Xs s t a t i c  qual i ty  f o r  region near surface f o r  DNB 

/ 

bl' b2 constants used in  specifying f lux  t ransients  with uni t s  of 
reciprocal  time 

b constant used i n  specifying flow transient  with the uni t s  of 3 reciprocal time 

h enthalpy . 

h 
f g 

enthalpy change from l iquid t o  vapor 

hnb heat t ransfer  coeff ic ient  i n  the absence of boiling 

l iquid  thermal conductivity 

normal d i rec t ion  

time 

time before f lux  t ransient  starts 

veloci ty  component i n  the  x direct ion 

veloci ty  component i n  the y d i rec t ion  

coordinate 

coordinate 

coordinate 



. . . .  
 r reek Let ter  Symbols 

. , 

:. . . . .  . . heat t ransfer  coefficient,  Eq (9) '. 

. B - contact angle measured t h r o w .  the l iquid . 

P . . density . .  . 

. . 

Cr viscosi ty  
\ 

@ heat f lux  . ., 

v kinematic' viscosi ty  . 

Q surface tension . 

Subscripts 
. . 

. . ,  . . 
. . 

core 

delay . . 

l iqu id  

vapor . 
. , ,  

i n l e t  

: . .  
or ig ina l  . ' 

saturat ion 

or ig ina l  i n l e t  

tangent ial  i n  l iquid 

tangent ial  i n  vapor 

normal i n  l iquid 

a normal i n  vapor 

Y djmensionless variable o r  coordinate 
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