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ABSTRACT 

An analy t ica l  expression is presented which permits 

the prediction of the cr i t ical  heat flux density i n  pool 

boil ing of saturated o r  subcooled l iquids .  

ticall results are i n  good agreement with experimntal  

data. 

The theore- 

The hydrodynamic charac te r i s t ics  of t rans i t iona l  

boiling from a horizontal  surface are analyzed; the 

phenomenon is interpreted i n  terms of Taylor ins tab i l i ty ,  

It i s  shown that the minimum heat flux is l imited by the 

ef fec t  of Taylor i n s t a b i l i t y  only; an equation i s  derived 

which permits  the prediction of this heat flux density. 

The hydrodynamic characteristics d nucleate boi l ing 

The s imi la r i ty  from a horizontal  surface are analyzed. 

between bubble formation a t  an o r i f i c e  and bubble 

formation i n  nucleate boiling I s  investigated. 

similarity indicates  a relation between the diameter of 

a quasi-static bubble departing from the  surface and the 

radius of the nucleating cavity. An equation 5s derived 

also f o r  the product bubble diameter t ims frequency of 

bubble emission; the predicted values are in good 

agreement d t h  experimental data of Jakob. It is 

po68ibk thus t o  estimate the m a x i m u m  frequency of the  

This 



re lease of single bubbles i n  nucleate boiling. 

s imi la r i ty  between nucleate boiling and the process of 

gas bubbling from a porous surface i s  discussed, The 

s h l l a r i t y  indicates t ha t  the c r i t i c a l  heat f l u x  is  a 

hydrodynamic phenomenon knotm as loodingll. 

The 

The nucleation from a solid surface is reviewed. 

The analysis of available experimental data indicates 

t ha t  the diameter of a nucleating cavity can be r e l a t ed  

t o  the heat flux density and t o  the superheat temperature 

difference.  Further experimental investigations are 

needed. 

The problem of bubble growth is discussed. It is 

pointed o u t  t h a t  the or ig ina l  formulation of the problem 

as given by Bosnjakovic and Jalcob contains the  essent ia l  

features of the problem. The theory of Bosnjakovic and 

Jalcob is extended t o  include the e f f e c t s  of a non-uniform 

temperature f ie ld .  



INTRODUCTION 

Developments i n  nitclear reactors and rocket engines 

where exceedingly high heat t ransfer  rates occur fn  

comparatively small areas, have focused at tent ion on 

boiling as a m o d e  of transferring heat at  high flux 

densit ies.  

farced convection would require excessively high velo- 

ci t ies with resulting high pressure drops. 

nucleate boi l ing ,  however, they  can be reached a t  much 

lower l x l k  veloci t ies .  

m n t a l  and theoretical  studies of t h i s  phenomenon are 

conducted i n  th i s  country and abroad. 

To a t t a i n  these high heat t ransfer  rates by 

With 

For th i s  reason extensive expsfi- 

The phenomenon is complex because three d i f fe ren t  

regimes exist : nucleate, t rans i  t im and fi lm boiling. 

The change from one regime to another is accompanied 

by narked changes i n  the hydrodynamic and thermal 

state of the system. 

Figure I. 

is below t h e  f lu id  sattaration temperature heat is 

transferred by convection, forced o r  natural, depending 

These regimes are i l l u s t r a t e d  i n  

When the temperature of the heating surface 

on the system. 

extensively investigated and equations have been derived 

which permit the prediction of heat t ransfer  rates. 

This non-boiling region (AB) has been 

1 

... . . . . . .. . . . .. . .  . . .. . , . . .. ,. 
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Nucleate boiling (Bc) starts when the temperature of the 

surface exceeds the saturat ion by a few degrees. 

Adjacent to the surface a th in  layer of superheated 

l i q d d  is fonned i n  which bubbles nucleate and grow from 

some weferred spots on t h e  surface. The thermal 

res is tance of this superheated l iqu id  f i h  is grea t ly  

reduced by the ag i ta t ion  produced by the bubbles, An 

increase of the wall temperature is accmpanhd by a 

large increase of the bubble population causing in  turn 

a sharp increase of the heat flux, 

temperature increaseE, bubbles become so numerous that 

their  motions intereact .  Under these conditions the 

nucleate heat f lux  reaches i ts  peak, 

is fur ther  increased t rans i t ion  boiling begins. 

Westwater and Santangello (1) have found t h a t  i n  this 

region (CD) no liquid-solid contact ex ia t s .  The surface 

ie blanketed by an unstable, i r regular  f i l m  of vapor 

However, as the 

If the temperature 

which is  i n  violent  motion. 

increase of temperature is followed by a decrease of 

In t rans i t ion  boiling an 

heat flux u n t i l  a minimum value is reached a t  which 

point f i l m  boiling starts. This new regime is charac- 

ter ized by an orderly discharge of large bubbles with a 

regular frequency and a t  regular intervals .  

boiling region tk heat flux increases with an increase 

of temperature but a t  a much slower rate than i n  nucleate 

In the film 

3 

- .  - _  
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boiling. Consequently, at high heat transfer rates t b  

temperatme of the heating surface can exceed the melting 

temperature and "burnout" cccurs. It is of mest 

practical i n t e re s t  t o  operate i n  the nucleate region 

3ecacse of the favorable heat transfer.  Tl-m problem is 

to amid the "burnout" phenomenon. 

The temperatures of the w a l l  i n  nucleate boiling 

are qui te  low, f o r  example, d t h  boiling water the tem- 

perature of the surface at the point C exceeds the f l u i d  

saturation temperature by about 50°F a t  14.6 psia  and 

by only 10°F a t  2000 psfa. Therefore, i n  many designs 

the exact surface temperatures are of secondary 

importance. This is  especially true f o r  constant heat- 

input systems such as a nuclear reactor. The essential 

information needed by A designer is the  l i m i t  t o  the 

heat t ransfer  rates given by the c r i t i c a l  heat flux, 

i.e., by the  flux corresponding t o  point C. The t em-  

pereture a t  point C ie r e l a t ive ly  unimportant. An 

investigation of the conditions leading t o  t h i s  d m u m  

heat flux is therefore of pract ical  and theoret ical  

in te res t .  Such a study, as apDlied t o  a horizontal 

plate, i6 reported i n  this dissertation. The study is 

concerned with determining the l imiting hydrodynamic 

conditions which characterize nucleate and t rans i t iona l  
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boiling. The critical heat flux (point C> and the 

minimum heat flux (point D) are derived from these 

hydrodynamic l i m i t  8 

An understanding of the conditions leading to the 

changes in the regimes of boi l ing  requires an under- 

standing of the processes which characterize each 

regime separately. Because of this ,  both nucleate and 

transitional bodling are investigated and discussed. 

The dissertation ie dzvided into eix chapters according 

t o  the problem under consideration. Results of experi- 

mental investigation of nucleate boiling are discussed 

in Chapter I, which is, therefore, a review section. 

The problem of bubble growth is discussed in this ais- 
sertation becausa nucleate boiling is characterized by 

the action of vapor bubbles. 

growth theory of Bosnjakovic and Jakob is extended to 

include the effect of a non-uniform temperature f i e l d .  

In Chapter 111, the hydrodynardc aspect of nucleate 

boiling is analyzed, wherezs the hydrodynamic aspect of 

transitional b o i l h g  is investigated in Chapter IV. 

minimum and the critical heat flux are analyzed in 

Chapters V and VI respectively. 

In Chapter 11, the h b b l e  

The 

. . .  . .  . .  . .  . .  . , . .. . . . . .. . . ... -._ - . .  . ,  . .  



CHAPTER I 

A RWIEW OF NUCLIUTE BOILING 

The first systematic investigation of nucleate 

boiling was undertaken Jalco b , Fritz and Linke , the 
results of which were reported in a series of outstanding 

papers (2, 3, 4 ,  5, 6). "lie high heat transfer rates in 

nucleate boiling were attributed to bubbles which induce 

locally a strong agitation oE the l iquid  near the heating 

surface. 

flux was further investigated and confirmed by Gunther 

and Kreith ( 7 )  and by Rohsenow and Clark ( 8 ) .  

The effect of bubble agitation on the heat 

Jakob and Fritz (2) noted that the high heat 

transfer rates, which are caused by local flow oscil- 

lat ions that exist in the vicinity of growing and rising 

bubbles, can be induced also by liquid jets flowing in 

between rising bubble columns and impinging on the 

heating surface. 

aurfnce t o  the l i q u i d  is  the sum of such local heat 

transfer rates. Consequently, in order to gain an 

understanding of nucleate boiling it is necessary to 

understand the local processes which are associated with 

single bubbles. 

The total heat flux from the heating 

It is necessary thus to investigate 
.; 

6 



three aspects of the problem: the nucleation of R bubble, 

the  growth of a bubble, and f ina l ly ,  the  hydrodynamics 

of  bubble departing from the heating surface. These 

three aspcts  of the problem, which w e r e  investigated by 

Jakob and co-workers as w e l l  as by other investigators, 

P r i l l  be d i s c u ~ s e d  i n  the sections which follow. 

IA. Nucleation from a Solid Surface 

The effect of a surface on the process of nucleation 

will be discunsed i n  some detail because, as it Will be 

seen i n  the  sections which follow, the conditions of the 

surface determine the temperature  a t  which the bubble 

w i l l  generate and, thus, determine the  subsequent 

his tory of a growing bubble. 

It is experimentally observed t h a t  i n  boiling 

l iquids  bubbles nucleate a t  liquid superheat temperatures 

which are considerably less than those which would be 

predicted by classical nucleation theories. 

also, tha t  bubbles or iginate  from specif ic  nucleating 

centers located on the heated surface. 

It is known, 

The question of 

whether these nucleating centers are roughness pro jec t ions  

o r  cavities i n  the surface was  examined i n  d e t a i l  by 

Bankoff (9) . By comparing the theoret ical  superheat 

temperatures which would be required t o  generate a bubble 

from a f l a t  o r  projecting surface, with the superheats 

which a re  observed i n  experiments, Bankoff concluded 
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t ha t  only p i t s  o r  scratches which contain gas o r  vapor 

are possible sites for nucleation. 

w e r e  conclusively ver i f ied  by the experimental r e su l t s  

of Clark, Strenge and 'IJestwater (10). 

These deductions 

The nucleation process f r o a  a cavity was invest i -  

gated by Jdcob and co-workers (2, 3, 4, 5 ) ;  by 

Dzhandzhgava (11); Mesis (12); Courty and Foust (13, 

14); E l l i o n  (15); Bmkoff ( 9 ) ;  Clark, Strenge and 

Westwater (10); and by Gri f f i t h  and Wallis (16). The 

problem can be resolved into two parts:  one, an inves- 

t iga t ion  of the conditions necessary t o  entrap gas and/or 

vapor i n t o  surface capillaries ( p i t s  o r  scratches) and, 

two, an investigation of conditions which would permit 

the release of t h i s  vapor i n  the  form of a bubble. 

The p rocess  of entrapment of  a gas and/or vapor 

i n t o  a cavity and the re la ted  problem of investigating 

whether t h i s  cavi ty  W i l l  remain s tab le  i n  t i m e ,  i.e., 

whether o r  not the entrapped gas W i l l  d i f fuse and 

whether the entrapped vapor can condense, are of 

importance i n  an analysis of t rans ien t  boiling and of 

boiling hysteresis.  Since these la t ter  two processes 

are not the t o p i c  of t h e  present  investigation, the 

entrapment and the s t a b i l i t y  of a cavi ty  w i l l  not  be 

discussed here. 

Courty (131, BmIcoEE (17, 13) and by Sabersky and 

The reader is referred t o  the papers  by 



Gates (19) for a discussion and investigation of t h i s  

problem. An analysis of t rans ien t  boiling w i l l .  be 

presented i n  a future  report  where the entrapment process 

W i l l  be taken up a l s o .  

t7e sha l l  proceed with the discussion of the con- 

' di t ions  which p e r m i t  the release of a gas o r  vapor from 

a cavity,  a problem which was f i rs t  analyzed by C o u r t y  

and Foust (13, 14) i n  t h i s  country and by EJesis (12) in 

Russia. 

1-2. Bubble Generation from a Cavity 

Consider an amount of gas o r  vapor which is 

entrapped i n  a cyl indrical  cap i l la ry  with ve r t i ca l  walls 

shown i n  Figures 1-1 and 1-2, which are reproduced from 

N e s i s '  paper (12). When the l iquid w e t s  the sol id ,  

i.e., when the contact angle 8 , i s  less than 90' 

(Figure 1-11, the pressure i n  the cavi ty  is given by: 

P = - p  c + -  2c 1-1 

where r is the radius of the curvature of the in te r face  

and PL is  the pressure i n  the l iquid.  The ma:dmum 

pressure in the cavi ty  occurs when the radius,  r , is  

minimum. In expanding from stage I t o  stage V I ,  the 

m i n i m u m  curvatime occurs when the interface turns around 

the corner.  The minimum value of r (rmin = r* i e  

9 

. . .  .. , . .  . .. , , . . .. .:. . . ~  . 
. .  

.. . .. . .. . . ,. . . . . .. .. . .-_ - . . . , . . -. I . . . . 
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Figure I-1. 

Liquid Wets 
the Solid 

Figure 1-2. 

Liquid Does 
N o t  Wet 

the Solid 

Nuclention f r o m  a Cavity 

(These figures are reproduced f r o m  
the paper by Nesis (12),) 



equal tben t o  tlle radius 

lary,  thus r* = Consequently, i f  the cavi ty  i s  t o  

be act ive,  i .e, ,  i f  it is t o  be a nucleating center,  the 

pressure within it must reach the m a x i m u m  value, corres- 

ponding t o  r = r*. Using Clausius-Clapeyron's equation: 

ro , of the cyl indrical  capil-  

1-2 

This maximum pressure difference can be re la ted  t o  a 

temperature di-Ef erence . For a cavi ty  which contains 

only vapor, and for a uniformly superheated l iquid,  the 

superheat temperature which will ac t iva te  a cavi ty  of 

radius r,, , is given by Equations 1-1 and 1-2, thus 

1-3 

It should be noted here t h a t  ro 

the surface. 

given pressure d i f f e ren t  s t a r t i n g  superheat temperatures 

can be obtained by varying the value of the surface 

i s  a charac te r i s t ic  of 

Consequently, f o r  a given cavity a t  a 

tension 

If the cavity contains both, vapor and gas, the  

temperature of the superha ted  l iquid,  TFo (ro), v t i 1 1  be 

reduced by an amount corresponding t o  the par t ia l  



pressure of the gas. 

When the cavity does not ~ e t  the sol id  ( e > goo), 

the  in te r face  is  concave (see Figure 1-21, and the 

pressure within the cavi ty  i s  given by 

1-4, 

In expanding, the in te r face  changes from concave t o  

convex; the maximum pressure occurs w h e n  the radius of 

the convex in te r face  establishes the contact angle 

a t  the entrance of the cavity. Since the radius of 

curvature, r , and the radius of the cavity,  rb 

are re la ted  by 

8 

it follows f r o m  Equations 1-1, 1-2 

non-wetting l iqu id  the cavi ty  w i l l  

1-5 

and 1-5 that  with a 

be activated a t  a 

lower superheat temperature difference Tw - T, 
Similar deductions can be derived for conical 

cav i t ies ,  which were investigated by Courty (131, 

Bankoff (171, and Wallis (16). Since the radius of 

curvature of t he  interface i n  a conical cavity (see 

Figure 1-31 is given by 
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Figure 1=3. 

PTucleation f r o m  a Conical Cavity 

. . .  . . . . .  . . . . . . . . . . . .  . . . . .  . - . - . , . . .  .. -. . - 
. .  

- ., . *  .- ~ . .  
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1-6 
C o s (  6-41 

the m i m u m  superheat temperature w i l l  depend on the 

contact angle 8 I as w e l l  as on the r e l a t ive  magnitude 

of and e . 
The above considerations were ver i f ied  recently 

by Grif f i th  and Wallis (16) i n  experiments which were 

conducted by reducing the pressure on the system (note 

that this has the same effect as of uniformly super- 

heating the Liquid). The re su l t s  of these careful  and 

important experiments showed t3at when a( L 8 goo 

the temperature which act ivated a cavi ty  of given radius 

=0 , was given indeed by Equation 1-3. However, when 

the sane experiments w e r e  performed by heating the 

surface it was found tha t  the wall superheat temperature, 

- T, required t o  nucleate a bubble from the same 

cavity was 20°F instead of 3'F as predicted by 

Equation 1-3. 

Strenge and TJestwater (10). 

S i m i l a r  r e su l t s  were reported by Clark, 

Four conclusions can be drawn from these experiments 

and from the analysis discussed i n  t h i s  section. 

1) P i t s  And cavi t ies  ~ h i c l ~  contain entrapped gas 

o r  vapor a re  nucleating centers i n  boiling 
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f rom a s o l i d  surface. 

"he dimensions of the cavity are important in 

the nilcleating process from a heated surface, 

For a given cavity s i ze  a la rger  superheat i s  

required t o  nucleate a bubble i n  a non-uniform 

than i n  a uniform temperature f i e l d ,  

The nucleating propensity of a surface will 

depend upon the s i z e  d is t r ibu t ion  of cavi t ies .  

For a given surface t h i s  cavi ty  d is t r ibu t ion  

w i l l  remain an invariant f o r  var ia t ions of 

pressure o r  of l iquid p r o p e r t i e s .  

important f a c t  w a s  shotm.also by G r i f f i t h  and 

This 

In  the next section w e  shall  discuss experimental 

r e s u l t s  which per ta in  t o  bubbles growing and r i s i n g  from 

a horizontal  heated surface i n  nucleate, pool boiling, 

<.e., in absence of forced convection. 

1-3. The Dynamics of a Bubble Departing from a Iiori-  

zontal, Ileated Surf ace 

Following the nucleation from a cavity the bubble 

grows i n  a superheated l i qu id  f i l m  which exists adjacent 

t o  the s o l i d  wall. 

l iqu id  film is of the order  of loo1 t o  LO'* cm. (2, 3,  

4 ,  5, 7, 20). The bdbble remains attached t o  the 

ourface u n t i l ,  a t  t im 

The thickness of this superheated 

td, it reaches a cha rac t e r i s t i c  

. , .. . . . . - .. - .  . . .  
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diameter Dd 

The departure i s  governed by the dynamics of the sur- 

rounding l iquid as well as by the buoyant and adhesion 

forces. The dynamic e f f ec t  of the surrounding liquid 

upon a bubble departing from the surface has not  been 

evaluated quant i ta t ively yet. 

and departs from the heating surface. 

The problem w a s  analyzed 

by Wark (21), F r i t z  ( 2 2 )  and by Nesis (121, who con- 

sidered a static equilibrium between the  buoyant and 

adhesive forces. For such a s t a t i c  condition the 

problem becomes an analogue to the problem of determining 

the  maximum volume of a sessile drop hanging from a 

horizontal surface, a problem which w a s  analyzed by 

Bashfort and Adams (23). 

F r i t z  (22) derived the following oicpression f o r  the 

diameter Dd 

surf ace thus 

Using t h e i r  numerical resu l t s ,  

of a bubble departing from a horizontal 

1-7 

where the contact angle , is  measured i n  degrees. 

The problem of bubble detachment w a s  investigated 

experimentally by Jakob and Linke ( 5 )  and by Fritz and 

Ende (24). From a detailed study of motion pictures of 

steady boiling a t  1m7 heat flux densi t ies  (of  the order 

of 20,000 kcal/m2h), Jakob and Linke (5) found t h a t  



diameters of departing bubbles Dd , are given by a 

s ta t i s t ica l  d is t r ibu t ion  about a mean value. 

of 

about Dd = 2.8 x 10'lcm. 

agreement with the value predicted by Equation 1-7 for 

a contact angle of e = 50'. It was observed a l so  t h a t  

preceding the detachment, bubbles become elongated (see 

Fi,bure 1-41. 

after the elongated connection snaps, the lower aurface 

of the  bubble reenters causing a deformation. 

immediately after departure, t h e  bubble takes f i rs t  a 

mushroom-like form and la ter  a l en t icu lar  shape . 

The values 

Dd varied from 1.5 mm t o  4.5 rn with a maXimUm a t  

This maxLmum value was i n  

Immediately after the detachment, i.e., 

Thus, 

It was obaerved i n  these experiments t h a t  the 

nucleation am1 bubble growth from a given nucleating 

center i s  a periodic process. 

of a bubble the colder l iquid comes i n  contact with the 

solid and gets  heated during a "contact t i m e " ,  t, , 
a t  the  end of which t i m e  another bubble is nucleated 

from the same center. 

t i m e  

process is repeated. The contact t i m e ,  t, during 

which the l iquid i n  the v i c i n i t y  of the nucleating 

cavi ty  becomes superheated was found t o  be approzdrnately 

equal t o  the growth t i m e  t d  . 
of bubble emission 

Following the  departure 

Thin n e v 7  bubble grows u n t i l ,  a t  

t d  , it  i n  turn departs from the surface, and the 

Thus, the t o t a l  frequency 

17 
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Figure 1-4. 

Deformation of a Bubble Departing from 

a Heated Horizontal Surface According to  Jakob (3). 

18 



1-8 

w a s  found t o  be a constant f o r  a given nucleating center, 

although f o r  d i f fe ren t  cavities a statist ical  d is t r ibu t ion  

w a s  observed, 

i.e.? i n  t h e  range which was investigated by Jakob and 

L ink  and F r i t z  and Ende i t  w a s  found that both the  

diameter Dd , and the frequency f , w e r e  independent 

of the heat flux. 

flux was t o  increase only the number of act ive nucleating 

centera. Consequently the product o f  the diameter Dd , 
and the frequency f is a constant, 

In the range of low heat f lux dencities,  

The effect of increasing the heat 

1-9 

Recently a study of bubble dynamics i n  the e n t i r e  

range of nucleate boiling w i t h  methanol was reported by 

Perkins and Westwater (25). 

average bubble dinmeter as well as t h e  average frequency 

remined cons tmt  for heat fluxes up t o  80% of the 

c r i t i c a l  heat flux. 

diameter as wel-1 as the frequency increased. 

It tias observed tha t  the 

A t  higher f l u x  densi t ies  both the 

In these 
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experiments a t  high heat t ransfer  rates the contact 

t i m e ,  tc 

the bubbles form immediately a f te r  each other. A 

similar observation was reported bg Donald and I Ias lam (26). 

, w a s  Eound t o  be approxhately zero,  i.e., 

This change of bubble generation from intermit tent  

t o  continuous was investigated by Yamagata and Nishi- 

kawa (27). These experiments were carr ied out with 

water a t  atmospheric pressure with heat f l u x  dens i t ies  

ranging from 6,000 t o  18,000 kcal/m2hr. It should be 

noted here tha t  f o r  water a t  atmcmpheric pressure the 

c r i t i ca l  heat flu;: is approximately 10' kcal/m2hr. 

From a study of t h e i r  experimental data,  Yamagata and 

Miehilcawa c lass i f ied  bubbles in to  four groups, i.e. , 
sphere type, be l l  type, precession type and tandem 

type. Figure 1-5, which is  reproduced from the i r  

report ,  shows t h e  d i f fe ren t  bubble forms. 

The formation of sphere and b e l l  type bubbles was 

essent ia l ly  ident ica l ,  consequently they w e r e  c lass i f ied  

as l1sfrnple bubblesf1; whereas the precession and the 

tandem bubbles were ca l led  ltmultiple bubbles" because 

they w e r e  formed b57 bubble coalescence. All four  bubble 

types were generated intermit tent ly ,  A contact time, 

, and a growth time, t d  , were observed f o r  simple tC 

bubbles. The product of Ddof w a s  constant f o r  aimple 

bubbles, whereas the data  f o r  rnul t ip le  bubbles showed a 
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c )  Precession Type 

d> Tandem Type 

e)  Continuous Vapor Column 

Figure 1-5. Tspes of Vapor Bubbles Departing from 
a Horizontal Heated Surface as Reported by 

Yamagata and Nishikawa (Reference 27). 
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larger  scatter. Simple bubbles were generated a t  lower 

heat f l u x  densi t ies  when a smaller number of nucleating 

centers were active. Multiple bubbles w e r e  formed a t  

higher heat f lux  density when the bubble columna were 

more numerous. Yamagata and Nishikawa noted that when 

the heat f l ux  i s  increased beyond a cer ta in  l i m i t  "the 

bubbles were not  generated intermittently,  but formed 

a continuous vapor column. 

generated a t  two o r  more spots in te r fe r r ing  With each 

other." 

shown i n  Figure 1-5. 

continuous vapor coLumns can be seen also i n  the high 

speed movies taken by Perkins and Westwater. 

These w h i r l s  were often 

Such an observed continuous vapor column is 

It is important t o  note t h a t  

W e  shal l  now summarize the experimental evidence 

concerning t h e  dynamics of bubbles departing from a 

horizontal surface i n  nucleate, pool boiling. 

A t  l o w  heat f lux dens i t ies  the mechanism 

governing the departure can be approximated 

by a quasi-s ta t ic  equilibrium between the 

buoyant and adhesive forces b Connequently, 

the s ta t is t ical  mean value of the diameters 

can be approximated by Equation 1-7. 

Immediately a f t e r  the departure a bubble 

undergoes a deformation. 

1) 

2) 



3) A t  low heat t ransfer  rates bubbles are gener- 

ated intermittently with a charac te r i s t ic  

constant frequency, 

4) As the  heat f l ux  is increase the contact time, 

, decreases. Bubbles change from simple t C  

t o  multiple type which are formed by a coa- 

le scence of several bubble s . 
At high heat t ransfer  r a t e s  the contact t i m e  

decreases until bubbles form immediately after 

each other. 

A t  s t i l l  higher heat  t ransfer  rates the 

diamters and the frequency of bubble formation 

5 )  

6) 

increase u n t i l  a continuous vapor column i € l  

formed. 

It appears t ha t  a t  low heat t ransfer  rates the 

e f fec t  of increasing the  heat f l u  is t o  

increase the number of active nucleating 

centers, ie., of bubble columns. Whereas 

a t  'higher heat flux density t h i s  e f f ec t  

appears t o  change the bubble generation from 

an intermit tent  t o  a continuous process. The 

characteristic of the phenomenon thus appears 

t o  be a change from a column consisting of 

single,  r i s i n g  bubbles t o  a continuous vapor 

column, i.e,, a vapor jet, 

7)  

23 



density increase so t ha t  t h e  temperature of the so l id  

surface exceeds the saturation temperature, i.e., the 

l iquid adjacent to  the wall becomes superheated, At 

some superheat temperature difference,  

few bubbles will start growing from nome nucleating 

centers located at  random, 

temperature t h i s  nucleation can s t a r t  w i l l  depend, as 

discussed in Section 1-2, upon the dimensions of the 

cavi t ies ,  contact angle and the amount of entrapped 

- T,, a 

A t  what par t icular  superheat 
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1-4. The Relation Between Heat Flux Density, Surface 

Roughness and Temperature i n  Nucleate Boiling 

In the two previous sections we have reviewed the 

nucleation of a single bubble from a cavity and the 

departure of  a bubble from a heated surface, 

section w e  shall discuss the interdependence of the heat 

flux density, surface roughness, superheat temperature 

difference and bubble dynamics i n  nucleate boiling. 

In t h i s  

The 

phenomenon w i l l  be described i n  more de ta i l  i n  order 

that, i n  Chapter 111, it may be more easily compared t o  

the process of a gas hbbl ing  through a porous plate. 

The discussion i n  this section is  based t o  a large extent 

upon a penetrating study of nucleate boiling which was 

reported by Courty (13) and Courty and Foust (14). 

Consider a surface with cavi t ies  which contafn 

8ome entrapped gas o r  vapor and le t  the heat flux 

:--- .\ 



gas o r  vapor. Consequently, surfaces with d i f fe ren t  

surface charac te r i s t ics  w i l l  have d i f fe ren t  '?starting" 

superheat temperatures. 

f r o m  the values corresponding t o  natural  convection when 

f e w  of these act ive bubble centers appear. 

The heat f l u x  s t a r t s  deviating 

If the heat 

. .  
i .  . 

. . i ', 
. -  

flux density i s  increased again, the superheat temper- 

ature increases (though a t  a lower r a t e  than i n  natural  

convection), and the active bubbling sites become centers 

of patches of more violent boi l ing.  C o u r t y  and Foust 

observed that,  i n  nucleate, patchwise boiling, wide 

variations occur i n  the temperature of the surface. The 

areas covered with bubbles are  considerably cooler than 

the bubble-free areas. 

readings w e r e  recorded by thermocouples located i n  the 

surface. The magnitude of these fluctuations w e r e ,  

however, not reported.  Since the original  bubbling 

Also, widely varying temperature 

canters are located a t  r a n d o m ,  the patches of active 

boiling are also randomly distributed. 

Courty and Foust discussed two processes by which 

patchwise bo i l ing  can be established around an act ive 

nucleating center. 

mechanism, and .the second is a vapor trapping process. 

"he pressure f luctuat ion mechanism bears s imi la r i ty  t o  

cavitation. 

pushed away f r o m  the nucleating center; a f t e r  the 

The f i r s t  i s  a pressure f luctuat ion 

During the bubble growth the l iquid i s  

25 



departure of the bubble, the l iquid rushes back. 

osc i l la t ions  of the f l u i d  and the possible vortex for- 

mation with attendant presoure var ia t ions can induce 

nucleation. 

These 

The second mechanism i s  a vapor-trapping process. 

Suppose tha t  i n  the v i c i n i t y  of the act ive center are 

cav i t i e s  which are, or iginal ly ,  f i l l e d  with l iquid,  

bubble growing from the act ive nucleus may blanket some 

of these neighboring cavi t ies ,  After the bubble breaks 

off, the l iquid advances oyer the area which was 

covered by vapor and may t r ap  some vapor i n  the neigh- 

boring capillaries. If the  heating rate is  suf f ic ien t ly  

high and the rate of penetration of the advancing l iqu id  

comparatively s l o w ,  the l iquid may become superheated 

before it ref i l ls  the capi l lary.  

the neighboring capillaries may i n  turn become act ive 

nucleating centers. 

upon the dimensions of the capillaries as well as upon 

two rates, the ra te  of  heating the  l iqu id  and the rate 

of penetration of the l iqu id  in to  cavi t ies .  

problem wss analyzed recent ly  by Bankoff (18). 

The 

Under these conditions 

It is seen that this process depends 

This 

The process  of seeding, i.e., of act ivat ing 

cavi t ies  a r o w d  the or ig ina l  act ive nucleating center, 

w i l l  continue u n t i l ,  

the original nvcleus 

depending upon the heating rate, 

can co-exist independently with 
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another nucleus. 

centers t r i l l  be starved out. Such starving of a niicLeus 

by a new act ive cavity was described recently by Clark, 

The intermediately located nucleating 

Strenge and Westwater (10). A t  a given heat f l u x  

density the spreading of boiling patches w i l l  cease when 

there are no cav i t i e s ,  within the range of activation, 

tha t  can support a new bubble column a t  the prevailing 

heating rate and superheat temperature, - T,. 
If  t h e  heat flux density i s  increased again, the 

temperature of the non-bubbling , ie.  , the bare area 

which surrounds the boiling patch, increases. Conse- 

quently, within t h e  rance of act ivat ion new, smaller 

cavi t ies  (which require  higher superheats) can be 

activated and a t  t h e  higher heating rates additional 

bubble columns can be mintc?ined. 

mechanism continues d. t h  increasing heat E lux dens i t ies  

until the FThole area is populated with nucleating 

centers,  i .e . , with bubble colunlns . 

This spreading 

Two important facts should be stressed now. It 

was observed already that the  superheat temperature 

difference, TTq - T,, a t  which bubbling starts depends 

upon the conditions of the surface. 

superheats are needed for d i f f e ren t  cavi t ies .  It w a s  

koted also that when boi l ing occurs i n  patches, the 

increase of superheat terqerature which f o l l o ~ 7 6  an 

Different t rs tar t ingt t  

. .. . . . . . , . I ..-.- 1 - - - . . .  . .  . . . . . . . - . .. 
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increase of the heat f l u x  density depnds  on the s i z e  

d is t r ibu t ion  of cavi t ies .  Different superheat temper- 

a tures  a re  needed t o  ac t iva te  new nucleating centers. 

Thus i n  nucleate boiling, a t  moderate heating rates a t  

least ,  the rate of increase of tlie ouperheat temperature 

T 
depends upon the charac te r i s t ics  of the surface. 

i s  shown on Fi,.fure 1-6 which i s  reproduced from the 

..I T , with an increase of the heat f lux density 
W 8 

This 

paper by Courty and Foust. It i s  seen t h a t  d i f fe ren t  

t a r t  ing superheat temperatures, different  nucleate 

boiling curves with d i f fe ren t  slopes be obtained 

with the  same metal surface having d i f f e ren t  roughness 

character is t ics .  Thus, the  heat f lux density i s  not a 

single  valued function of the temperature. 

determine the relation between the heat f lux  and the 

In order t o  

temperature, the characteristics of the surface must be 

specified. 

The question which arises - whether t h i s  depndence 

upon the surface roughness i s  a charac te r i s t ic  of tlie 

e n t i r e  nucleate boiling curve - i s  not resolved yet. 

Experimntal r e s u l t s  of Jakob (3) and of Averin ( 2 8 )  

indicate  tha t ,  f o r  water a t  atmos plieric pressure, 

nucleate boiling curves f a r  surf aces of d i f f e ren t  

roughness merge when the heat f l u x  density reaches a 

value of 150,000 t o  200,000 kcal/m*hr. Note t h a t  the 
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FIGURE 1-6. 
ROUGHNESS ON THE HEAT TRANSFW IN NUCLEATE BOILDTG 
(h q/ A T, BTU/HR F7!2OF; N t BUBBLES/IN2). 
TIlIS FIGURE IS REPRODUCED FRW THE PAPER BY CUmE 

THE EFFECT OF DIFFERENT AMOUNTS OF 

CORTY AM) u x  s. FOUST (13, u). 
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cr i t ica l  heat flux i s  l o G  Iccd/rn%r. 

the  nucleate boiling curve upon t h e  surface roughness 

can be expected t o  manifest i t s e l f  i n  the low flux 

region because boiling i n  patches occurs a t  lower heat 

flux densi t ies .  

curves could be interpreted then as a change i n  the 

boi l ing process, i.e., the termination of boil ing i n  

patches. A large nmber of active nucleating centers 

would tend t o  decrease the e f f ec t s  of d i f fe ren t  surface 

roughness. 

t ha t  with increasing heat t ransfer  rates bubbles change 

from simple t o  multiple, and the bubble generation 

changes from an intermit tent  t o  a continuous process. 

It i s  poGsible that  w i t h  the spreading and the subsequent 

disappearance of  boiling patches a gradual change i n  the 

bubble types and i n  the bubble generation mechanism takes 

place over most of the surface area. Such a change, 

together with the termination of boil ing i n  patches, 

could account for  the change i n  the boiling process. 

It appears also  tha t  the effect of the surface 

roughness disappears for surfaces w h i c h  have "aged", 

The dependence of 

The merging of the nucleate boiling 

It w a s  discussed i n  the preceding section 

i.e., from which boiling was maintained over a period 

of a week o r  so. The esperiments of Jakob and Linlce (4) 

and of Zysina-I,lolozhen ( 2 9 )  indicated that both the 

superheat temperature difference,  T, = T, , and the 
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number of nucleating centers, n 

with prolonged boiling, 

independent of the or iginal  roughness, but dependent 

upon the metal of the heating surface. 

, approach a l i m i t  value 

These l imit ing values were 

Zysina-iiolozhen 

noted that the number of nucleating centers and, 

therefore, the superheat temperature, become constant 

( for  a given surface) once a stable oxide f i l m  has 

formed, 

the  factor controll ing the numerical value of the heat 

t ransfer  coeff ic ient  i n  ordinary heating surfaces is 

the  thermal conductivity of the oxide film, which makes 

it impossible t o  determine the t rue  value of the heat 

t ransfer  coeff ic ient  , 

the  ' uncertainty of determining the superheat temperature 

Tw - T,, f o r  a given heat f lux density. 

i n  Chapter 111, t o  discuss t l d o  effect i n  connection 

w i t h  the coupling of the  thermal properties of the solid 

and liquid during the t ransient  temperature oscillations 

which occur i n  boiling. 

marize the discussion of this section, 

She made the following observation: "Evidently 

Note that  her statement implies 

We shall re turn,  

In the following we ohal l  sum- 

1) The superheat temperature difference, Tw - T,, 

at  w h i c h  nucleate boiling sets i n  depends upon 

the characteristics of the surface and upon 

the amount of gas and vapor which i s  entrapped 

i n  cavities. The first nucleating centers are 
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located a t  random. 

A t  low heat t ransfer  rates boiling takes place 

i n  patches which are located around the f i r s t  

nucleating centers. 

During th i s  non-uniform, patchwise boiling 

2) 

3) 

spatial and t i m e  var ia t ions occur i n  the 

temperature of the surface. 

4) In the boiling patches, growing and departing 

bubbles strongly ag i ta te  the superheated f i l m ;  

colder f l u i d  is brought i n  contact with the  

heating surface resu l t ing  i n  high heat t ransfer  

r a t e s .  

W i t h  an increase of the heat f lux  density, 

the superheat temperature, Tw - T,, increases 

so as t o  a l ter  the number of nucleating sites. 

The increase of active cavi t ies  and, therefore, 

of the superheat, is such tha t  the ag i ta t ion  

of the superheated f i lm due t o  a l l  bubble 

colLmns can accomodete the new heat f lux.  

6 )  In  nucleate boiling, a t  moderate heat t ransfer  

rates a t  l e a s t ,  the heat f lux  is  not a single- 

valued function of the temperature. In order 

t o  determine the re la t ion  between the heat 

t ransfer  r a t e  and the temperature of the 

surface, the charac te r i s t ics  of the surface 

5 )  

3 
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must be specified. 

7 )  It appears that, at higher heat flux densities, 

the effect of the surface roughness upon the 

q ..AT relation vanishes, indicating a more 

uniform boiling (disappearance of patches) 

with a pocsible change in the types of bubbles 

and in the bubble generation process (from 

intermittent to continuous), 

8 )  It appears also that the effect of the surface 

roughness on nucleate boiling disappears once 

a stable oxide film coats the surface, Under 

these circumstances it appears that the 

thermal conductivity of the oxide film becomes 

the controlling factor. 

In tJxis part of the dissertation we have discussed 

the results of analytical and experimental investigations 

which pertain to the nucleation process, to the hydro- 

dyncdcs of bubbles departing from surface and to the 

effects of surface roughness, IJe shall proceed, in 

Chapter 11, with tl-re problem of bubble growth. 
. ,  



CHAPTER X I  

THE PEtOBLJ3M OF BUBBLE GROWTH 

11-1. The Dyn a m i c s  of Vapor Bubbles i n  a Uniform 

Temperature Field - Historical Background 

The growth of a bubble i n  a superheated l iqu id  

was f i r s t  analyzed by Bosnjakovic (30). According t o  

h i s  theory the vaporization process is maintained by an 

energy t ransfer  from the superheated l iquid t o  the 

bubble interface. The temperature drop which maintains 

t h i s  process is localized i n  a t h i h  boundary layer  which 

surrounds the  bubble. This model i s  sham on Figure 11-1. 

A relation between the bubble growth ra te ,  the temperature 

drop and the heat t ransfer  coeff ic ients  is obtained from 

an energy balance, thus 

11-1 

The theory of Bosnjakovic was tes ted experimentally 

by Jakob and co-workers (2,  3, 4,  51, PAger (31) and 

F r i t z  and Ende (24); good agreement w a s  reported. In 

the discussion of t h e i r  experimental r e s u l t s  F r i t z  and 

M e  noted tha t ,  for  a l iqu id  which i s  i n i t i a l l y  uniformly 

34 
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- = thiclcneso of the / 
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Figure  11-1. Bosnajalcovic's Analytical Nodel of 
a Bubble Growing in a Uniformly 

Superheated Liquid 

. ... 



superheated, the bubble growth problem was similar to the 

one dimensional, transient heat conduction problem, $.e., 

11-2 

Ttle heat transfer coefficient f o r  a growing bubble can be 

obtained from the gradient at the bubble wall (x = O ) ,  thus 

11-3 

The temperature gradient is obtained by solving Equation 

11-4 

Substituting Equation 11-3 and 11-4 into Equation 11-1, 

the bubble growth rate is given by 

Using high speed movies Fritz and Ende determined the 
bubble growth velocity, and f r o m  Equation 11-1 computed 
the heat transfer coefficient. This value was then 



compared t o  the value computed Erom Equation8 11-1 and 

11-41 the  two values of h, thus determined, were found 

t o  be i n  good agreement with each other. 

A t  f b s t  t h i s  agreement could appear as f o r t d t o u s .  

The real bubble is spherical; i t s  interface represents a 

moving boundary whereas the system described by Equation 

11-2 represents a semi-infinite s lab  with s ta t ionary 

boundary. Also, the  e f f ec t s  of l iquid i n e r t i a  and of 

surface tension. were neglected i n  the analysis. 

theless, subsequent m u r e  deta i led  s tudies  cf the bubble 

growth problem only corroborated the theory o f  Bosnja- 

kovic and the analysis  of Jakob, Fri tz  and Ehde which 

contains the essent ia l  fea ture  of the phenomenon, 

Never- 

The f i r s t  mathematical formulation which took 

in to  account the effects of l iquid iner t ia ,  surface 

tension, sphericity and of the moving boundary is due t o  

P l e s s e t  and Zwick (32, 33) and t o  R o d e  (34). The 

problem is formulated by considering Rayleigh' 8 equation 

of motion: 

I 

I 

Id-6 



Clausius-Clapeyron's equation: 

11-7 

T ( W , t )  'Go% 
The problem was analyzed in References 32, 33 and in 

3 4 ,  35. The results of these studies were in agreement 

with each other and With experimental data reported by 

Dergarabedian (36). 

of a bubble the effect of liquid inertia and of surface 

It was found that during the growth 

tension are not important. Consequently, the growth of 

a vapor bubble is governed by the heat transfer process. 

Plesset and Zwick derived the following expression f o r  

the bubble growth rate 

11-9 
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Whereas Fors t e r  and Zuber obtained 

11-10 

It should be noted that, i n  both of these studies,  

the assumption vas made t h a t  the temperature drop is 

localized i n  a "thin boundary layer" near the bubble 

w a l l .  

BC~B njakovic was reintroduced i n  the problem. 

Thus, the llthermal. boundary layer" asstunption of 

Recently, Birlchoff , b!argulies and Iiorning (37) 

and Scriven (38) solved the  energy problem (Equation 

11-81 without nmlcing recourse t o  the "thin boundary 

layer" approidmation. 

is val id  when the Jakob number* is large, t h a t  i s  when: 

It was shown t h a t  this assumption 

11-11 

It w a s  found also, t ha t  for  large Jakob numbers the 

bubble growth rate is given by Equation 11-9. 

* This dimensionless group w a s  recent ly  proposed by 
Savic (39) t o  be referred t o  as the "Jdcob 1?urnbertt 
i n  honor of the late Professor Max Jakob, 



Comparing Equation 11-9 and 11-10 with Equation 

11-5 i t  i s  seen tha t ,  apart  from a numerical constant, 

these equations a re  ident ical .  

could have been expected f o r  spherical bubbleo than for  

a plane interface because the temperature gradient a t  a 

spherical surface i s  given by (40) 

A l a rge r  growth r a t e  

It follows f o r  Equation 11-4 and 11-12 tha t  the plane 

approxhation is valid when 

11-13 

It is  important t o  note tha t ,  far growfng vapor bubbles, 

Equation 11-9 and Equation 11-10 indicate that the e f f ec t  

of sphericity is only t o  increase the gradient by a 

constant factor  whose value lies between 1 and 

w i t h  r / 2  an intermediate value. 

TJe can conclude t h i s  section by noting tha t  f o r  

E, 

a growing vapor bubble the effecto of Liquid i n e r t i a  

and surface tension are not important. The growth rake, 

i,e., the rate of evaporation is  given by an equation 

of the form: 
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11-14 

Where the value of the constant i s  

bubbles, o r  b = r/2 o r  t'3when correcting f o r  the  

curvature. The mathematical formulation or ig ina l ly  

given by F r i t z  and Ende, and the theory of Bosnjakovic 

and Jakob contain, therefore, the essent ia l  feature of 

the phenomenon, In the next section we  s h a l l  extend the 

theory o f  Bosnjakovic and Jalcob t o  include the e f f e c t  of 

a non-uniform temperature f i e l d .  

b = 1 fo r  "plane" 

11-2. The Growth of a Vapor Bubble i n  a Non-Uniform 

Temperature Field 

In 1932 Jdcob (3) described the heat t ransfer  

_.) 

process which occurs a t  the interface of a bubble growing 

on a heated surface as follows: 

t h a t  during the  small e-splosion which starts the growth 

of a bubble,  the interface temperature, because of the 

heat of vaporization, drops inmediately from the 

"It can be imagined 

superheat temperature t o  the saturat ion temperature, f o r  

exanple from l l O ° C  t o  100°C . . 
the heat t ransfer  from the  l iquid t o  the vapor bubble 

the l iqu id  envelope is being cooled progressively from 

the inside toward the outer boundary; a temperature 

As a consequence of 



42 

boundary layer is created with a constantly decreasing 

temperature drop. This thermal boundary increases i n  

thickness u n t i l  the thermal wave, which advances from 

the vapor bubble in te r face  into the l iqu id ,  has reached 

the outer l i m i t  of the  hydrodTpcmic boundary layer. The 

decrease i n  thickness of the hydrodynamic boundary layer  

because of the evaporation a t  the in te r face  is ,  i n i t i -  

a l l y ,  a small f rac t ion  of the t o t a l  thickness." 

model is shown on Figure 11-2. 

This 

It is important to  point out now the difference 

between the growth of a bubble i n  a uniformly superheated 

l iqu id  and the growth i n  a non-uniform temperature f i e l d ,  

In  a uniformly superheated l iqu id  (see Figure 11-11 the 

thickness of the t h e r m a l  boundary layer , constantly 

increases; however, since the l iqu id  was i n i t i a l l y  a t  a 

uniform temperature To , the t o t a l  temperature difference 

To -T, , across t2ie thermal boundary remains constant. 

In a non-uniform temperature f i e l d  (see Figure 11-21 the 

thickness of the thermal boundary layer  8 , also 
increases as the thermal waves advance i n t o  the l iquid,  

However, i n  this case, since the i n i t i a l  temperature i n  

the l i q u i d  was not uniform, the temperature drop across 

the thermal boundary layer 6 , constantly decreases 

as s increases. In o ther  words, whereas i n  a uniform 

thermal fj-eld only one heat t ransfer  process occurs, 



6 = Thickness of the thermal 
boundary layer, i.e., of 
the distance travelled by 

-ii d = thickness of the hydrodynamic 
boundary layer 

the heat wave. E, = init ial  radius 

FIGUFE IL2.a. INITIAL TEhfIpERBTuHE 
DISTRIBUTION 

FIGURE II-2.b. DISTRIBUTION FOR 
A GROWING BUBBLE 

FIGURE 11-2, JAKOB'S ANALITICAL MODEL OF A BUBBXB GMWIIG 
IN A NONIUNIFOREB lEMPE3ATlJRE FIELD 



in a non-uniform temperature f i e l d  two t ransfers  of 

energy take place. One is t h e  heat t ransfer  across the 

f i lm 6 ; t h i s  process maintains the evaporation a t -  the 

bubble interface.  

the bulk l iquid.  

The second i s  the heat t ransfer  t o  

The theory of Bosnjdcovic and Jakob can be 

extended t o  include the e f f ec t  of the non-uniform t e m -  

perature by making an energy balance per  uni t  t ransfer  

area. For a plane bubble the r a t e  of evaporation is 

then given by: 

11-15 0 

- TS, 
U , R  = x - 5  

rn 
where the second t e r m  on the r i g h t  hand side i a  the 

heat t ransfer  r a t e  to the bulk Liquid. 

superheated l iqu id  qb = 0 and Equation 11-15 becomes 

Equation 11-5. In  vj-ew of the r e su l t s  which were d is -  

cussed i n  the previous section it can be expected that 

a correction Eor the curvature can be made by multiplying 

the r i g h t  hand side of Equation 11-15 by b=n/2  , thus 

For a uniformly 

11-16 

44 
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with b=l 

by 

R 

o r  b = r / 2  The bubble radius is then given 

I n  order t o  make use of Equation 11-17 w e  m u s t  

determine the heat flux qb , t o  the bulk Liquid. 

Consider an ins tan t  j u s t  p r i o r  t o  the nucleation of a 

bubble, 

adjacent t o  the heating surface. It i s  t h i s  gradient 

which transfers the energy from the so l id  wall t o  the 

l i q u i d ,  

a t ion  of a plane bubble. 

local ly ,  the vapor phase between the  so l id  and the l iquid 

is t o  insu la te ,  Locally, the l iqu id  from the  heating 

solid. 

turbances occur i n  the l iquid during t h i s  t r ans i t i on  

in s t an t ,  the temperature gradient between the vapor 

in te r face  and the l iqu id  i s  approximately equal t o  the 

gradient which existed between the solid w a l l  and the  

liquid before the bubble WRS nucleated. 

which follow t7e shall, ident i fy  theref ore , qb with the 
heat t ransfer  rate from the heating surface, q . This 

appears a ra ther  d ra s t i c  assumption; we s h a l l  j u s t i f y  

A temperature gradient e x i n t s  i n  the l iqu id  

Consider not7 the in s t an t  j u s t  after the nude -  

The effect of introducing, 

Assuming that  no great  d i s tor t ions  and dis-  

In the sections 



it a poster ior i  i n - t h e  sections which follot\r a f t e r  we 

e d n e  the physical process i n  greater de t a i l .  

It i s  seen tha t  Equation 11-17 r e l a t e s  the bubble 

radius t o  the superheat temperature ( 4 T = T, - TB and 

the heat flux which ex i s t  loca l ly  around a nucleating 

center. It was discussed i n  Chapter I tha t ,  i n  nucleate 

boiling a t  l o w  heat f lux  density, both the temperature 

of the surface and the heat t ransfer  r a t e  vary over the 

heated area. The values o7hich are usually reported are 

average values. It is known also from the experiments 

of Jakob and L i n k  ( 5 ) ,  of Ellion (15) and of Trescliov 

(41) that  the diameters of bubbles departing f rom o r  

collapsing on n heated surface fo l low a d i s t r i b u t i o n  

curve. 

the average heat f l ux  and superheat we can expect t o  

predict  o n l y  the growth of an average bubble and not 

of a specif ic  bubble (unless i t  coincides with the 

average one) whose growth was recorded on a motion 

picture. 

f i r s t  the growth of a bubble i n  a liquid whose bulk 

is  a t  saturation temperature. 

, 

Therefore, i f  we introdltce in to  Equation 11-17 

Keeping t h i s  f ac t  i n  mind we shall examine 

46 
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11-3. The Bubble Growth i n  Liquids a t  Saturation 

Temperature - 
In this section the bubble growth rate predicted 

by Equation 11-17 w i l l  be compared t o  experimental 

r e s u l t s  reported by F r i t z  and Ende (24) and by Zmola 

(42). In Section 1=3 the experiments or" Jalcob and 

Linlce ( 5 )  w e r e  discussed; i n  these experiments the 

diameters of bubbles departing from a heated surface 

varied between 1.5 mm and 4.5 na with a maximum a t  

about Dd Because Jalcob and Link@ 

did not  repor t  the values of the superheat temperature 

Tw - T,, and the  heat f lux  densi ty  q , Equation 11-17 

cannot be used f o r  comparison with t h e i r  results. 

= 2.81 x 10-1 cm. 

This 

can be done, hawever, with the da ta  for w a t e r  reported 

by F r i t z  and Encle which is  tabulated below. 

TABLE 11-1 

Experimental D a t a  of F r i t z  and Ende 

4 Tw-Ts % td Bubble 
Number Kcal 

hrm2 
- 

OC sec sec cm 

$Ea, 19000 ,g 0.0225 0.023 5.42 X 10" 

BM3 19000 9 0.0025 0.018 4.04 x loo1 

BR8 19000 9 0.01675 0.020 4.64 x 10" 
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Inserting the above values o€ superheat temperature 

heat f lux q and t i m e  a t  departure td , in to  *w - *$ 

Equation 11-17 the corresponding diameters at  departure 

f o r  two values of the constant b are  given below. 

TABLE 11-2 

Diameters a t  Departure Predicted 

by Equation 11-17 

Bubble 
Number 

EL41 

EM3 

BR8 

b = l  

2.91 x 10-1 

2.68 x 10-1 

Dd (cm) 
b = T  n- 

4 3  x io"- 

4.18 x L 0 - l  

2.76 x 10'' 4 , 3 3  x looL 

It is seen tha t  the predicted values are i n  better 

agreement with eweriments when the correction f o r  the 

sphericity i s  taken in to  account. 

expected because f o r  large bubbles the l iquid Laminae 

over the bubble are stretched thus increasing the tem- 

perature gradients. 

t h i s  correction was not included, the predicted values 

f o r  the ttplaneft bubble, i.e., b = 1 , are i n  agreement 

w i t h  the average value observed by Jakob and Linlce, 

i . e . ,  Dd = 2.81 x 10 cm. 

This could have been 

W e  note, however, t ha t  even i f  

1 
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In order to invest igate  whether Equation 11-17 

is i n  agreement with experlmental data over a longer 

time in te rva l  we can compare it t o  the experimental 

data  reported by mala (42) and shown on Figure 11-3. 

For these experimnts  the heat flux w a s  q = 9.6 x I O 3  

Btu/hr E t 2 ,  and the superheat temperature Tw-Ts = 9.4'F. 
Inser t ing these values in to  Equation 11-17, the pre- 

dicted growth rate fo r  b = r/2 i s  shown on Figure 11-3 

also. 

To the writer's knowledge no other experimental 

data  f o r  l iqu ids  a t  saturation are avai lable  i n  the 

literature for fur ther  comparison. On the bas is  o f  

present r e s u l t s  it appears t ha t  a t  atmospheric pressure, 

a t  low heat flux dens i t ies ,  and for l iqu ids  at sa tura t ion  

temperature, Equation 11-17 with b = r / 2  approximates 

experimental. data adequately. 

Tlie agreement of Equation 11-17 with experimental 

data indicates  some areas f o r  fur ther  invest igat ion and 

o f fe r s  in te res t ing  poss ib i l i t i e s .  'we shall discuss 

some of them before proceeding with the analysis  of 

the  growth and col lapse  of bubbles i n  subcooled l iquids.  
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0 I 
0 -  

9.4% 

9600 B t u / h r  ft2 
Bubble Number 6 

Bubble Number 5 

Bubble Number 4 

Equation 11-17 with 
b =  v/2 

T TDB, 12 SEC. x 16 10-3 20 24. 

FIGUIiE 11-3. 
IZXPRImNTAL DATA FOR BUBBLlES IN POOL BOILIIG OF PVATER AT 

SATURATION TE3Pl3RATURE 

COMPARISON OF EQUATION 11-17 WITH ZMOLA'S (42) 
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11-4. Ma-t&nm Bubble Diameter and the Tliickcnecs of 

the Superheated Liquid F i l m  

It is seen from Equation 11-16 that  the bubble 

w i l l  stop growing when 

11-21 

That i s ,  when the diffusion length becomes equal t o  the 

thickness X, , of the superheated l iquid f i l m  adjacent 

t o  the heating surface. 

is given then by 

“lie m a x i m u n i  bubble diameter 

which i s  equivalent to: 

11-22 

11-23 

This is  not surprising since it is i n  energy balance - 
n i l  n o d  sub so le .  

l iqu id  f i l m  of thickness X, adjacent t o  it. If t h i s  

l iqu id  fi lm is superheated by 

energy of the  l i q u i d  i s  given by: AXs 

Consider a surface area A, and a 

A T d e p e e s  the in t e rna l  

TC fL. If a l l  
t h i s  stored energy i s  used for vaporization, the maximum - 
distance the vapor f ron t  can advance i s  given by: 
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11-24 

It follows from Equation SI-25 that, i n  boiliw, the 

significance of Jakob's number i s  tha t  it represents 

the r a t i o  of the m a x i m u m  bubble radius t o  the thickness 

of the superheated l iqu id  film. 

For the experiments of Zittola, Equation 11-23 

predicts a m a e m u r n  radius 

would be reached w h e n  R = 0. 

note that the growth curves on Figure 11-3 show almost 

zero velocity a t  t = 20 x sec.; indicating a defi-  

ciency of energy available t o  maintain the vaporization 

process. 

11-5. 

1 36.6 x loo3  in., which 

It i s  interesting to 0 

The Thickness of the Superheated Liquid F i l m  

The nucleation from a cavity was discussed i n  

Section 1-2; i t  was noted tha t  t h e  dimensions of a 

cavity is important i n  tlre nucleation process from a 

heated surface. TLie results of the previous section 

indicated the importance of tb thiclcness of the supcr- 

heated l iquid f i l m .  Both t'm nucleation and the thiclcne s s 

of the superheated film a f fec t  the dynamics of a bubble. 

One i s  lend therefore t o  investigate whether o r  not a 

r e l a t ion  exists between the di,meter Dc = 2r0 , of the 
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cavity and the thickness of the 

by 

superheated f i l m  given 

11-26 

For the experiments of Gr i f f i t h  and Wallis (16) the 

superheat which i n i t i a t e d  boiling w a s :  

and the heat flux was q = 40,000 Btu/hr ft2. 

tu t ing  these values i n to  Equation 11-26 the  f i l m  

thickness beccmesX.s = 2-39 x 10-3 in ,  

the cavity i n  the experiments of G r i f f i t h  and Wallis 

wa3 D 

surprising, 

mental data  for pentane and ether  reported by Clark, 

Strenge and TJestwater (10) are reproduced on the f o l -  

lowing table together with the corresponding values of  

X, computed from Equation 11-26, 

values of the superheat temperature were reported; the 

second was the observed value whereas the f i rs t  one was 

corrected t o  smooth the data. The accuracy of the heat 

f l u x  density q ,  and of the superheat temperature Tw-TG, 

w e r e  not evaluated f o r  these experiments. 

- Ts = 2OoP, 

Substi- 

The diameter of 

= 2.7 x lo"' in ,  Such a close agreement is r a the r  

To explore fur ther  this r e l a t ion  the experi- 
C 

For some p i t s  two 



54 

TABLE 11-3 

Cornpariaon of Computed F i l m  Thickness w i t h  the Diameters 

of Active Cavities i n  Westwater-Strenge' s Experiments 

S i t e  

Pit 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

Scratch 
1 
2 
3 
4 

Diam o r  
\lid t h  

in. 

0 0004 
0.0003 
0.00035 
0.0082 
0 . 0018 
0,0018 
0 , 0020 
0 0 0022 
0 , 0022 
0 . 0023 
0 . 0025 
0 . 0026 
0 . 0033 
0.00008 
0.. 00018 
0,00044 
0,00075 

A T  
OF 

14 
50 

23-35 
12 

11-19 
23-35 
22-30 
23-35 
27-42 

21-31 
27-41 

LO 

14 

50 
14 

13 
23-35 

q 
Btu 

hr f t 2  

13400 
8100 
12300 
5400 
2600 
12300 
13000 
12300 
15600 
4900 
13200 
15600 
3400 

- 

8100 
8900 
12300 
17600 

x* 
in. 

0.0010 
0 . 0057 
0.0019-0.0029 
0 a 0021 
0.0040-0.0068 
0.0017-0,0024 
0,0017-0.0023 
0.0018-0.0029 
0.0017-0.0026 
0 . 0026 
0.0015-0.0022 
0,0017-0.0025 
0 0028 

0 . 00058 
0 . 0015 
0.0017-0,0027 
O.OOOG9 

It i a  seen from the above table  that,with exception 

of P i t s  ITo. 1 and No, 2, the computed thickness X,, 

appears t o  be of the same order as the diameters of 

act ive cav i t i e s  D,. 

is not  indicated, 

For scratches such an agreement 

A r e l a t ion  between Dc and X, such as t ha t  indicated 

by these experiments of fe rs  interest ing poss ib i l i t i e s  

i n  an analysis of boi l ing  heat t ransfer  and i n i t i a l  
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boiling t rans ien ts  . tle shall 

Since the diameter of a 

note only one here. 

cavity is a characteristic 

of the surface, a r e l a t ion  between Dc and X, implies 

tha t  f o r  a given heat flux the  l o c a l  superheat t e m p e r -  

a ture  Tw - Ts, is determined by the diameter of the  

ac t ive  cavity. 

rates, a known dis t r ibu t ion  of cav i t ies  rmuld permit 

then a derivation of an equation r e l a t ing  the  average 

superheat temperature t o  the average heat flux. 

In  steady boi l ing a t  l o w  heat t ransfer  

Ln view of the indicated r e l a t ion  between the cavi ty  

diameter and t h e  ttiickness of the superheated l iqu id  

film, and i n  view of the poss ib i l i t i e s  that this 

r e l a t ion  offers, it appears that fur ther  experimental 

and theoret ical  invest igat ions are warranted. 

11-6. Implications p-. and Livi ta t ions of the Model 

In t h i s  section w i l l  be discussed some i m p l i -  

cations and l imitat ions of the extended Bosnjakovic-Jakob 

model. 

ta t iono in to  focus v7e shall describe f i r s t  the  actual 

physical process. This brief  description i s  besed on 

an excellent discussion of the bubble growth problem 

given by El l ion (15). 

In  order t o  bring these implications and Limi- 

A th in  superheated liquid f i l m  with a steep 

temperature p r o f i l e  exists adjacent t o  the heating 

surface. Following the nucleation, the bubble a t a r t s  



growing i n  t h i s  superheated l iquid film. 

i s ,  i n i t i a l l y ,  hemisplxzrica-1; it is  probable tha t  the 

bottom of the bubble i s  separated from the w a l l  by a 

th in  layer of l iqu id  since the Viscous and adhesion 

forces i n  the l iquid prevent the bubble from wiping the 

w a l l  c lear  of water and the evaporation rate may not be 

suf f ic ien t ly  1,arge t o  evaporate any appreciable 

thickness of l iqu id  a t  the bubble base. 

able t o  ver i fy  the existence of t h i s  t h in  f i l m  because 

of the l imited resolution of the camera lens. In view 

of the presence of the nucleating cavity, the existence 

of a "dry" point  appears probable a lso.  

The bubble 

Ellion was not 

'Ilx superheated l iquid f i lm that  was i n i t i a l l y  

above the nucleating cavi ty  i s  pushed away from the 

wall by th bubble, see Figure 11-4. As the  bubble 

grows, the  fj-lm becoms stretched and t h i s  r e s u l t s  i n  

higher temperature gradients. Heat i s  removed from the 

displaced superheated f i lm by conduction and convection 

t o  the bulk l iquid and by evaporation a t  the bubble 

interface. 

bubble. 'fie r a t e  of evaporation and, consequently, the 

Evaporation occurs a l s o  a t  the base of the 

rate of growth decreases as t h e  superheated f i lm 

becomes cooler. As the bubble decelerates the monentum 

tha t  w a s  stored i n  the l iquid and the buoyant force 

tend t o  pu l l  the bubble av7ag from the surface. Because 
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Figure 11-4. The Probable Bubble Form and 
the Approximation of the Model 

... .. . .  



58 

of the  adhesion forces and the res i s tance  t o  motion the 

bubble becomes deformed. 

saturat ion temperature the  bubble W i l l  depart from the 

surface; if it is  subcooled the bubble dl1 collapse.  

I f  the bulk l iqu id  1s a t  

It i s  seen from this br ief  description that  a 

complete analysis of the bubble growth problem on a 

heated surf ace should take in to  account the hydrodynamic 

aspect as w e l l  as the  energy aspect of the problem. 

Since the process takes place i n  such a v l c in i ty  of 

the  solid surface it i s  apparent that the viscous 

e f f ec t s  of the l iquid as w e l l  as the i n e r t i a l  should be 

re tained i n  the analysis. 

liquid-vapor in te r face  and of the solid-liquid-vapor 

in te r face ,  both the  surface tension and t h e  contact 

angle become important. 

place over the en t i r e  in te r face  the energy equation 

should take in to  account the t ransfer  of energy from 

the wall t o  the  l iquid and the in te r face  i n  the regions 

QAP and OCP, dudrig the e n t i r e  bubble l ifetime. 

consequence of this energy t ransfer  the temperature 

d is t r ibu t ion  i n  the solid i n  the region OPQ w i l l  not 

be uniform. Thus, the problem involves two energy 

equations, one for the so l id  and the second f o r  the 

l iquid with a matching problem along an unlcnown moving 

boundary. 

In addition, because of the 

Because evaporation takes 

As a 
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In view of the complexity of the problem any 

agreement of predicted growth rates by the s imple model 

with experimental data  is ra ther  surprising. It can be 

seen from Figure 11-4 t h a t  the model considers only the 

energy transfer in the region A X .  The motion of the 

interface depends only on the amunt of stored energy 

which exis ted or ig ina l ly  i n  the superheated film. 

The l imitat ions of the model now become apparent. 

The model cannot take i n t o  account any temperature 

change due t o  heating after the growth has, s t a r t ed ,  

i.e., a f t e r  the vapor has insulated loca l ly  the l iqu id  

from the solid.  Since the regions QAl? and OCP are not 

considered, the effect of addi t ional  heating during the 

grovth mocess i o  not accounted for.  We note, however, 

t h a t  i t  apRa1-s tha t  this r e s t r i c t i o n  could be removed; 

it W i l l  be discussed i n  a future  r epor t .  

hydrodynamic e f f e c t s  were not considered, t h e  effect 

of the distortion of the bubble on the temperature 

f i e l d  is  neglected. 

Because the 

It i s  Been f r o m  these l imitat ions tha t  if Lmy 

agreement is t o  be expected t h e  effect of evaporation 

i n  the regions QAP and OCP should be s m a l l  when com- 

pared t o  the evaporation i n  the region ABC. To achieve 

th i s ,  two conditions m u s t  be satisf ied,  F i r s t ,  the 

t ranafer  area h i  the regions QPA and OPC should be 
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layer  i s  smaller than the bubble radius  (see Figures 11-1 

and 11-2). For suf f ic ien t ly  ana l l . r ad i i ,  however, 

Equation 11-12 indicates t h a t  an equation which is  

based on the "thin boundary" assumption w i l l  underestimate 
~ 

small i n  comparison with the t ransfer  area ABC. 

the rate of vaporization i n  the region ABC should be 

fast so that any change of the temperature f i e l d  i n  the 

regions QPA and OPC, caused by heating during the growth 

process i s  small. 

on the process of vaporization i n  the region ABC w i l l  

Second, 

The e f f ec t  of the  bubble d is tor t ion  

. be s m a l l  i.€ t h e  d i s tor t ion  occurs a t  the  end of the 

growth process.  

growth rates w i t h  experimental data it appears tha t  

e i t h e r  these cohditions were sa t i s f i ed ,  o r  that the 

e f f ec t s  of various assumptions tend to compensate each 

In view of the agreement of  predicted 

o ther .  

Another important  l i d t a t i o n  should be noted 

before closing t h i s  section; it i s  concerned with the 

"thin thermal boundary l aye r "  assumption. It wac noted 

i n  Section 11-1 that f o r  a growing bubble t h i s  assumption 

is  va l id  cthen the Jalcob number i s  larger than unity. 

The assumption will be sa t i s f i ed  also for a collapsing 

bubble as long as the thickness of the thermal boundary 

the collapse rate .  

f o r  bubble dynamics i n  subcooled l iqu ids ,  a t o p i c  which 

Tliis question appears t o  be important 
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is taken up i n  the next section. 

. I  

i - . a ;  
.... 

11-7. Dyn amics of a Vapor Bubble i n  a Subcooled Liquid 

Bubble dynamics i n  a subcooled l i qu id  was inves- 

t iga ted  experimentally by Gunther and Kreith (7) and 

by Ell ion (15) i n  a non-flow system, and by Gunther (43) 

and by Treshov (41) i n  a flow system, The problem w a s  

investigated also analy t ica l ly  be various researchers, 

The growth problem i n  a non-uniform temperature f i e l d  

was analyzed by G r i f f i t h  (44) and by Savic ( 3 9 ) .  

analysis  of a bubble growing and collapsing in a sub- 

cooled l iqu id  was reported by Bankoff and Mikesell 

(45 ,  46). 

maximum radius  before collapsing w a s  considered by 

Forster (47). 

subcooled l iqu id  w a s  analyzed by Plesset and zwick (48), 

The condensation rate of a vapor bubble which is Intro- 

duced i n  a subcooled l iqu id  was discussed by the 

writer ( 4 9 ) .  

An 

The time needed f o r  a bubble t o  reach the 

The collapse of a bubble in a uniformly 

I n  t h e  following, t he  growth and collapse 

rates wedic ted  by t he  extended Bosnjakovic-Jalcob model 

w i l l  be compared t o  the experimental results of Gunther 

and m e i t h  and of Ellion. 

Ellion's experiments were performed with w a t e r  

a t  atmospheric pressure; Figures 47, 49, 53 and 57 from 

E l l i o n ' s  d i sser ta t ion  are reproduced I n  this Chapter 

as Figures 11-5, 6 ,  7 and 8. Figures 11-5 and 11-6 
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show the e f f ec t  of increasing the heat f lux density 

from 5.29 x LO5 B t u / h r  f t 2  t o  11.5 x lo5 Btu/hr f t 2  

a t  a constant bulk Liquid temperature TL = 135OF, ire., 

a t  a constant subcooling of Ts - TL = 77OF. Whereas 

Figures 11-7 and 11-8 show the e f fec t  of increasing the 

bulk l iqu id  temperature from TL = 78'F (T, - TL = 134°F), 

t o  TL = 177OP (T, - TL = 35OF), a t  a constant heat flu% 

density o€ 7.79 x LO5 Btu/hr .Et2. 

these f igures  that a given average heat f l u x  and 

average temperature var ia t ions  occur i n  the d y n d c s  

of d i f fe ren t  bubbles. Ell ion noted tha t ,  because of 

these large var ia t ions,  an agreement cloGer than 25% 

should not be expected. The large changes w h i c h  are 

indicated by these f igures  point t o  the importance of 

l oca l  conditions which e-xist i n  the v i c i n i t y  of a 

nucleating center and, consequently, t o  the s t a t i s t i c a l  

nature of the overal l  process when an ensemble of nucle- 

a t ing centers,  i re. ,  of bubbles, i s  considered, 

It can be seen from 

We shall compare now the growth and collapse 

rates predicted by Equation 11-17 with Ellion's experi- 

mental data. It is seen from Equation 11-16 tha t  the 

maximum radius i s  reached when, 



63 

FIGURE 11-5. ELLION'S EXPERIMENTAL DATA (FiEJZREN(3E 15) 
FOR BUBBLES GROWIX AND COWSIhG W SUBCOOIS) WATER 

q 8 5.29 x 105 Btu& ft2, TL = 1359, T,=TL = T l O F  

a 
0 

a 

0 

0 



FIGUIB 11-6, ELLION’S EXPERIXENTAL DATA (REFERENCE 15) 
FOR BUBBLES GROWING AND COUAPSXNG IN SUBCOOLED WATER 
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FIGURE 11-7. ELLION'S EXPMtIEENTAL DATA (REFERENCE 15) 
FOR BUBBLES GROVING AND COWSING IN SUBCOOLED WATER 

q 7.79 x lo5 B t h  ft2, TL = 789, T,-TL = l34% 
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FIGURE 11-8, ELLION'S EXEXDEXTAL DATA (FEFEREN(=E 15) 
FOR BURBLES GROYING AMD COLLAF'SIPG IN SUBCOQED WATER 
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a t  

11-27 
ct 

The radius vs. ti= r e l a t ion  given by Equation 11-17 can 

be expressed i n  terms of  the m a x i m u m  growth t i m e  f+,, thus 

11-28 

The m a x i m u m  bubble radius is  then given by: 

11-29 

It is  advantageous to introduce a dimensionless radius  

given by R/& and a dimensionless forn is  obtained f r o m  

Equation 11-28 and 11-29, thus 

11-30 

Equation 11-30 i s  plot ted on Figmea 11-9, 10,  11 and 12 

together with Ell ion 's  da ta  shotrn on Figures 11-5, 6 ,  

7, and 8 respectively. 

data becoms apparent. 

The advantege o f  normalizing the 
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It oppears from these f igures  t h a t  Equation 11-30 

adequately appro:&nates the growth process.  

also ,  t h a t  t h e  model is not adequate f o r  predicting the 

collapse stage. The reason fo r  t h i G  inadequacy can be 

understood i n  t e r m s  of the discussion of the preceding 

section. 

It i s  seen, 

The i n e r t i a  of the l iqu id  and the buoyant force 

tend t o  pul l  the bubble away from the surface, causing 

a clefomnation of the bubble after it: reaches the maximum 

radius, This deformation and motEon of the bubble 

increase the thermal gradients causing a f a s t e r  conden- 

sation. 

layer  increases,  whereas the radius  decreases. Conse- 

quently, the "thin boundary layer approximation" 

becomes progressively worse. 

An the vapor condenses the thermal boundary 

Because the curvature 

increases With a decrease of radius ,  it i s  seen from 

Equation 11-12 that the thermal gradient 6 increase 

enabling f a s t e r  condensation rate than predicted by the 

th in  boundary approximation. 

quently, the  condensation r a t e  during t h e  co l lapse  is  

enlianced also by the turbulence of the l iqu id ,  as noted 

already b57 Gr i f f i t h  ( 4 4 )  and by Bankoff and 24ilcesell (45)- 

H e a t  t ransfer  and conse- 

Let us e d n e  now the significance of these 

favorable heAt t ransfer  conditions, 

a t  the bubble in te r face  late:?.t heat i s  l ibera ted  and the 

As the vapor condenses 

I 
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temperatme of th in ter face  increases. Unless t h i s  

energy i s  t ransferred t o  the bulk l i qu id  the rate of 

condensation will decrease. High heat t ransfer  rates t o  

the  bulk l i qu id  thus minimhe the temperature var ia t ions  

a t  the in te r face  and i n  the vapor dve t o  the l a t e n t  heat. 

Thus, when large thermal gradients are present it appears 

permissible t o  consider, i n  the l i m i t ,  an isothermal 

collapse process. 

of the l i qu id  becomes important. 

For an isothermal process the i n e r t i a  

It was shmm already by Plesset and Zwiclc (48) 

t ha t ,  for bubbles collapsing i n  a l iqu id  a t  uniform 

temperature, the thermal effects on r e s t r i c t i n g  the 

collapse rate are unimportant . Consequently, only the 

i n e r t i a l  terms in Rayleigh's equation of motion are of 

significance. 

and Bfilcesell (45) t o  explain both t h e  growth and the  

collapse of a bubble i n  a subcooled l iquid.  

examine the inertia effect in terms of the extended 

Bosnjakovic-Jalcob model. 

TIE i n e r t i a l  effects w e r e  used by Bankaff 

Ve s h a l l  

A s s d n g  spherical  synmetry, the l iqu id  i n e r t i a  

cm be taken i n t o  account by combining Rayleigh'a equation 

of motion, Equation 11-6, with the energy equation. 

an analogy t o  t h e  bubble growth problem i n  a unifornly 

superheated l iqu id ,  the bubble growth and collapse 

equation for a subcooled liquid becomes: 

As 

i .  i i  - 
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where the terra dP/dT i s  given by Clausius-Clapeyron 

equation. r / 2 ,  Equ- 

a t ion  11-31 i o  reduced t o  t he  equation which describes 

the growth of a bubble i n  a uniformly superheated. 

l iquid;  an equation which was analyzed already in 
References 32, 33 and 34,  35. 

With the t e r m  q = 0,  and b = 

During the growth process, the e f f e c t s  of the 

i n e r t i a  and of t h e  surface tension are small i n  com- 

parison with the heat  t ransfer  effect. 

during the growth the  l e f t  hand s ide  can be neglected, 

and Equation 11-91 i s  reduced to  Equation 11-17, 

bubble radius  goes through the maximum,  the  r i g h t  hand 

side of Equation 11-31 changes signs and becomes negative, 

In  this domain then, the  l iqu id  i n e r t i a  cannot be neg- 

lected.  

combined effects of l iqu id  turbulence and of  bubble 

Consequently, 

As the 

It vas noted already tha t ,  because of the 

curvature, the  co l lapse  stage could be approxLmated by 

an isothermal process. 

tension, Rayleigh' s equation f o r  an isothermal process 

becomes : 

Neglecting the e f f ec t  of surface 
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11-32 

The solut ion of this equation f o r  the  in i t ia l  conditions 
0 

given by: t = 0 ,  R = %I, R = 0, can be obtained from 

Lamb (501, thus l2, d y  
11-33 

11-34 

and tc is the time needed f o r  t h e  t o t a l  collapse. 

a t ion  11-33 is plo t ted  on Figure 11.9, IO, 11 and 12; the  

i n i t i a l  time f o r  collapse w a s  taken t o  correspond t o  G, 
i n  order t o  s a t i s f y  the in i t ia l  conditions. 

appears sa t i s fac tory ,  

experimental data shown on these f igures  point out the 

poor reproducib i l i ty  of the data and t he  statistical nature 

of t h e  process. 

Equ- 

The agreement 

Note t h a t  t tvz l a rge  var ia t ions  i n  

In  closing, we note that if a bubble i e  suddenly 

introduced i n  a subcooled l iqu id ,  o r  if the sa tura t ion  

temperature of the l i qu id  i s  suddenly increased (by in- 

creasing the pressure), then, i n i t i a l l y ,  the thickness of 

the  thermal boundary layer i s  much smaller than the bubble '- ' 

. , -  
I . .. . . .  . . . ,  .. . . . - ... . . ~. 
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radius. Under these conditions , as discus sed i n  Reference 

4 9 ,  the  i n i t i a l  collrtpse rate w i l l  be given by: 

11-35 

We 

chapter. 

1) 

2) 

3) 

sha l l  summarize now the r e s u l t s  presented i n  this 

It appears t ha t  experimental data  fo r  bubbles 

growing and collapsing i n  a subcooled l iqu id  

can be approximated by considering the growth 

and collapse process separately, 

The growth process i s  governed by the  rate o f  

heat t ransfer  t o  the bubble wall. The experi- 

mental. data can be approximated by growth 

rates obtained from the extended Bosnajakovic- 

Jakob model. 

The collapse stage can be approximated by the  

solut ion of Rayleighrs equation f o r  an iso- 

thermal process. 

The grovth  and collapse equations thus obtained 

are matched at the ma=.rimUm bubble radius,  

The large var ia t ion  of experimental da ta  point 

out the  poor reproducib i l i ty  of the data and 

the  statist ical  nature of  the process. 

Lxperinental data tend t o  indicate  tha t  the 

diameter of an ac t ive  cavi ty  can be re la ted  t o  

the tl-Lickness of the superheated l iqu id  film, 



CHAPTER I11 

HYDRODYNAMIC ASPECTS OF NUCLEATE BOILING 

Two aspects of bubble dynamics, the nucleation 

and the growth, were discussed and analyzed in the pre- 

ceding chapters. It was seen tha t  the growth equation 

can predict  the dynamics of a bubble while it 18 st i l l  

attached t o  the surface. Huwever, the analysis  cannot 

predict  when and how the bubble ~ d 1 1  depart from the 

surface. 

discussed i n  Chapter I, It w a s  noted tha t  growing and 

departing bubbles ag i t a t e  the superheated l iqu id  film; 

thus, colder l i q u i d  is  brought i n  contact with the 

heating surface resu l t ing  i n  high heat transfer rates.  

Since this renewal rate depends upon the ra te  at which 

bubbles depart from the surface, the heat t ransfer  rates 

i n  nucleate, pool boil ing w i l l  depend upon the mechanism 

which governs the departure of  bubbles. 

of heat t ransfer  and the dependence of the heat flux 

upon the  frequency of bubble emission w a ~  described and 

used by Jdcob and co-workers (2,  3, 4 ,  5) i n  t h e i r  

analysis of nucleate boiling. 

also i n  the s tudies  reyorted by Rohsenow (51, 52), 

The mechanism of nucleate boiling was 

This mechanism 

It was taken in to  account 

77 
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Kutateladze (53), Kruzhilin ( 5 4 ,  55) and Steman (56, 571, 

among others.  

consideration the mechanism of vapor removal from the 

heated surface can be considered a& incomplete. This 

statement is supported by the recent experiments of 

Siege1 and Usiskin (58) which w e r e  conducted i n  a 

gravity-free f ie ld .  

removing t h e  vapor from tlie surface and thus i t s  In- 

fluence on nucleate, pool boil ing w a s  c lear ly  demon- 

strated. 

Indeed, an analysis which would omit  from 

The importance of the gravity in 

In this chapter we shall analyze the problem of 

It w i l l  be seen that the phenomenon of vapor removal. 

a bubble growing from a nucleating center, and its 

subsequent departure f ron the horizontal surface bears 

a strong s imi l a r i t y  t o  a gas bubbling from a horizontal 

orifice. This s imi la r i ty  and son= Imown facts concerning 

the frequency of bubble emission from an o r i f i c e  w i l l  

permit an estimate of tlie frequency of bubble generation 

i n  nucleate pool boiling. It w i l l  be seen also t ha t  the 

hydrodpmic  aspects of nucleate pool boiling are similar 

t o  those which characterize the  process of a gas bubbling 

through a porous p l a t e .  This similarity, and the hydro- 

dynamic instability (usually referred t o  as "flooding") 

which occurs when a gas i s  forced t o  bubble through a 

perforated p la te  o r  a sieve-tray, w i l l  help us gain an 
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understanding o f  the baaic nature of  the phenomenon 

which induces the change from nucleate t o  t r ans i t i ona l  

boil ing and thus creates the c r i t i c a l  heat f l u x  i n  

boiling heat t ransfer .  

111-1, The Similar i ty  Between Bubble Formation a t  an 

Orifice and Bubble Formation i n  Nucleate Boiling, 

The problem of bubble f o r m t i o n  a t  a submerged 

o r i f i c e  has received much attention. For detai led infor- 

mation concerning t h i s  problem the reader i.8 referred t o  

the s tudies  reported by Krevelen and Hoftijzer (591 ,  

Siemes (61, 621, Hughes and c o - w o r h r a  (631, Davidson 

and A@ck (64) and Silberman (651, among o the r s .  

Seimes (61, 62) and Davidson and Amiclc (64) 

presented a detai led study of the regimes of bubbl,e 

formation from a given o r i f i c e  as a function of the gas 

f l o w  rata. In w h a t  follows we shall s u m r i z e  t h e i r  

r e su l t s ;  the quoted sections are taken from Reference 64. 

S t a t i c  Bubbling Region. A t  very low gas f l o w  rate the 

bubble formation is a problem of hydrostatics. 

diameter of a txlbble can be determined by considering 

the balance of the  buoyant and adhesion forces at  the 

The 

or i f i ce .  

the bubble diameter i s  given approximately by 

Denoting by ro, t h e  radius of the o r i f i ce ,  
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111-1 

Davidson and Amick noted that s ta t ionary bubbles could 

not be formed a t  o r i f i ce s  la rger  than about 0.7 cm, 

Chapter IV w e  sha l l  see the reason for  this. 

regime the  bubble diameter is independent of the gas 

flow rate. 

with the gas flow rate. 

velocity. 

canter spacing of the rising bubbles i s  inversely 

proportional t o  t h e i r  frequency. A t  low frequencies 

the l iqu id  at the  o r i f i c e  may be assumed t o  come t o  rest 

before each bubble escapes. The bubbles are ident ica l  

at any given point ear ly  i n  t h e i r  r i s ing  path." 

In 

In t h i s  

The frequency of bubble emission increases 

Bubbles rise with constant 

"Therefore for  a given o r i f i c e  the center-to- 

Transition Region. "At higher flow r a t e s  the bubble 

volume increases sharply as the frequency leve ls  of the 

spacing between bubbles has decreased, and each forming 

bubble is affected by the presence of the preceding 

bubble, perhaps through the  mechanism a€ a l iqu id  vortex 

at the orifice, 

although s t i l l  forming individually a t  regular t i m e  

The bubbles now start t o  form i n t o  pairs 

in te rva ls  a t  the or i f ice ,  A bubble will appear t o  hover 
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above t h e  o r i f i c e  u n t i l  the next bubble emcges, and the 

two bubbles W i l l  remain together as they rise. This 

pat tern is repeated by the next two bubbles, and so on 

indefini te ly ,"  

Incipient Coalescence. "As the flow rate fur ther  increases 

the mmbers of a bubble pa i r  touch each other,  

d i t i o n  may be cal led 'doublet formation'. The f i rs t  

member of the  doublet usually assumes a hemispherical 

shape, and the second bubble is elongated ver t ica l ly ;  

the assembly resembles - a  mushroom." 

This con- 

Coalescence. tTurther f low-rate increase c a u ~ e s  the 

second bubble t o  penetrate the f i r s t  one appreciably. 

Under o t h e r  conditions the f i r s t  bubble absorbs p a r t  of 

the second and leaves the residue as a small satell i te, t~, . ,  

Coalescence a t  the Orif ice. ttCoalescence takes place 

closer  and c loae r  t o  the orifice as the flow rate 

increases. A flow rate is finally reached a t  which the  

bubbles coalesce r i g h t  a t  the orifice, 

having no time t o  rise before the second emerges. 

the f i r s t  bubble 

Under 

these conditions it w i l l  appear  tha t  the frequency of 

bubbles r i s i n g  from the o r i f i c e  has suddenly been halved," 

Double Coalescence, 

the large coalesced bubbles themselves undergo coalescence 

as they rise. W s  may be cal led 'double coalescence,' 

"As the  flow rate fur ther  increases, - 

. .  . ,  . . .  . - - . . .. .. .. .~ .. ~. . .  . .. , . - .  .... . . .  . ,  



At this stage the Eluid is usually quite turbulent and 

the gas seems to issue from the orifice as a continuous 

jet. 

The reader should compare now the above des- 

cription to the discussion presented in Section 1-3. 

Indeed, if the expression ''increasing the gas flow rate" 

were changed to "increasing the heat €lux density", it 

would appear as if Davidson and hick were describing 

the bubble formation in Yamagata and NiPshllcawa*s exper- 

iments of nucleate boiling, see Figure 1-5. 

It: appears thus that  both the types of bubbles 

and the bubble formation regimes in nucleate boiling 

and In gas bubbling through a submerged orifice are 

hydrodynamically similar. 

In the section which follows we shall m a k e  use 

of this apparent similarity to predict the frequency of 

bubble emisoion in nucleate boiling. 

111-2. The Frequency of Bubble Emission and the Value 

of the Product: 

quency in Nucleate Boiling 

It was noted in Section 1-3 that during the 

Bubble Diameter Times Fre- 

departure bubbles deform, 

was analyzed by Pebels and Garber (65). "he velocity 

of rise for deformed babbles was found to be constant 

The rate of rise of bubbles 

and independent of the size ,  It w a s  found that the data 
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for sixteen liquids could be described within + 3% by 

tlie r e l a t i o n  

- 

111-2 

This equation was derived ana ly t ica l ly  by Frank-Kamenetskii 

a160 (66). 

formation, "simple bubblesr! depart under the act ion of 

gravi ty  only. 

circumstances, the veloci ty  of rise i n  the v i c i n i t y  of 

the  heated surface w i l l  be approximately equal t o  

Equation 111-2, 

ver i fy  t h i s  statement. 

the ve loc i ty  o f  rise of a bubble immediately after 

departure is 'Ud= 17 cm/sec. For w a t e r  a t  saturat ion 

temperature, Equation 111-2 predicts a veloci ty  of rise 

During the process of quasi-static bubble 

It can be expected tha t ,  under these 

Before proceeding fur ther  w e  s h a l l  

Jalcob (3, 67) has reported t h a t  

U& = 18.6 cm/scc, 

Jakob and Linlce (4) found that while the bubble 

st i l l  adhers t o  t h e  surface i t s  center of gravity rises 

with almost the ~ a m e  veloc i ty  with w h i c h  the bubble 

later rises when it leaves the surface. 

implies that the following r e l a t ion  is approidmately va l id  

"his observation 
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It follows then f r o m  Equation 1-9 and Equation 111-3 

that I )  

111-4 

The m d m m  frequency of bubble emission occurs 

when bubbles touch each other,  i.e., when the contact 

time t, is zero. 

Equation 111-4 then gives the corresponding frequency 

spectrum. 

For a spectrum of diameters Dd, 

The product Da*f appears In  almost every analysie 

of nucleate boiling (4, 5, 51, 52, 53, 54, 55, 56, 5714 

It was discussed i n  Section 1-3 tha t  this product was a 

constant f o r  a nucleating center. 

the average value of Dd*f w a s  found t o  be of the s m e  

order of magnitude. 

proposed tha t  a constant value of D d - f  = 77 m/sec be 

assigned t o  t h i s  product, whereas F r i t z  and Ehde proposed 

a value of 95 mm/sec. 

For d i f fe ren t  liquids 

Consequently, Jalcob and Linlce (5) 

We shall compute this value now. 

Jdcob and co-workers (2, 3, 4 ,  5, 24, 67) have 

observed tha t  i n  the i r  experiments the contact t i m e  t, 

was almost equal t o  the t i m e  a t  departure td. Taking 



as 

tc equal to td, Equation 111-4 becomes 

111-5 

For water at saturation at one atmosphere Equ- 

ation 111-5 gives a vaLue of 93 mm/sec, whereas f o r  

methanol and carbon tetrachloride it predicts 73 m/sec 

and 64 mm/sec respectively. 

reproduced from References 3 and 67, Equation 111-5 

( f o r  water) i.s compared with experimental data of Jakob 

and co-workers, On the same figure are plotted experi- 

mental data of Yamagata and Nishikawa (27) and of 

Vestwater and co-workers (I, 25 1. 

to be satisfactory. 

On Figure 111-1, which is 

The agreement appears 

111-3. A Possible Relation Between the Diameter of a 

guasi-Static Bubble and the Diameter of a Cavity 

The indicated similarity between bubble formation 
at orifices and bubbl-e formation in nucleate boiling 

offers an interesting poasibility for further investi- 

gation. 

diameter of tl departing, quasi-ctatic bubble wa8 given 

by Equation 111-1. 

at l o w  heat transfer rates in nucleate boiling the bubble 

formation can be considered a6 a quasi-static process, 

If the bubble growing from a nucleating center is 

It was noted that  for low gas flow rates the 

It w a s  observed in Section 1-3 that 
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Water, Fritz and Ende (24) 
0 Water, F r i t =  and Ende (24) 
0 Water, Yamagata and Nishikawa (27) 
A CC14, Jakob and Linlre ( 4 )  

+ Methanol, Westwater and Santangelo -.,. Equation 1114 

8 

L 

Diameter Dd, mm 

(1, 25) 

F I G m  111-1. THE RELATION BETlFjEEN T I E  FREQIENCY 
OF BUBBU EMISSION AND THE DIAIilETE3 OF A BUBBLE 
DEPARTING FROM A HORIZONTAL SURFACE 
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prevented from wiping the w a l l  c lear  of  water (see 

discussion i n  Section 11-G), it could be assumed tha t  

i n  nucleate boiling the radius3 of the cavi ty  could be 

subst i tuted for  the radius ro of the orifice i n  Equ- 

a t ion  111-1. 

spectrum of diameters of departing bubbles i n  t e r m s  of 

the spectrum of cavity diameters. W e  cannot test  t h i s  

assumption because no experimental data are available. 

This can be done somwhat ind i rec t ly  f o r  the experiments 

of Fritz and Encle (24) and of Zrnola (42), who reported 

the values of ndd 

dimensiono Dc = 2 ro. 

indicated a possible re la t ion  between the diameter of 

the  cavi ty  Dc and the thickness of the superheated l iqu id  

f i lm X,. 

ro i n  Equation 111-1, it f o l l o w s  that  

This would enable us t o  compute the 

No data was given hotever f o r  cavity 

The analysis i n  Section 11-5 

If w e  subs t i tu te  Xs/2 from Equation 11-26 f o r  

I- 

I -I I T T - 6  

On Table 111-1 the experimental data of Zmola are tabu- 

la ted  together with the computed value of Da. 
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TABLE 111-1 

Comparison of Equation 111-6 

with Experimental Data of %to la  

A T  4 
0,F Btu TGzz 

?d m 
Dd 

(Equation 111-6) 
in 

9 . 4 .9600 30 x 10-3 .32 10-3 
9600 31 x 10-3 32 10-3 

9 -4 9600 34 x 10-3 32 x 10-3 
9.4 

The same i s  done on Table 111-2 f o r  the experiments of 

Fritz and Ende and of Jakob and Linke. 

TABLE 111-2 

Comparison of Equation 111-6 with Experimental Data of 

F r i t z  and Ende and of Jakob and L i n k s  

I M t z  and Ende galcob & L i n k  Equation 
111-6 
*d 
CUi 

Dd c m  
A T  4 Dd 

O C  Kcal c m  

9 19000 5.42 x 10-1 2.81 x loo1 2.15 x 10-I 
9 19000 4.04 x 10-i 2.15 x 10-p 
9 19000 4.64 x 10' 2.15 x 10' 

E E - 2  (average value ) 

It i s  seen tha t  the  computed values are of the  

same order as the measured one, In View of the possi-  

b i l i t i e s  which a re la t ion  of this kind could open, it 

appears tha t  fur ther  experimental investigations are 

warranted. 

88 

, '-7 
._/ 



111-4. On the Similar i ty  Between Nucleate Boiling and 

Flow of a Gas Bubbling Through a Perforated 

Surface. 

We shall discuss i n  t h i s  section the s imi l a r i t y  

which exists between nucleate boiling and a gas bubbling 

through a perforated o r  porous surface. From t h i s  a i d -  

l a i t y  and f rom some phenomena which occur i n  f luidized 

bubble-bed apparatus, the mechanism leading t o  the  

c r i t i ca l  heat f lux i n  nucleate boi l ing w i l l  become 

apparent . 
The problem of a gas bubbling through a porous 

surface has received much a t ten t ion  recently. 

reader is referred t o  the papera by Verschoor (681, 

Siemes (GO, 611, Kolbel and Siemes (691, Siemes and 

Borchers (70) and Houghton, McLean and Ritchie (71) for 

detai led discussion and additional references. 

suggested already by Kolbel and Hemes t h a t  experiments 

performed with bubble-beds, i.e., with a gas flowing 

through a porous plate, rmy be used t o  help our under- 

standing of nucleate boiling. 

of two-phase flow phenomena conducted with perforated 

and porous surfaces w e r e  recent ly  reported by Petr ik  ( 7 2 )  

and by Wallis and Gri f f i t h  (73). 

The 

It w a s  

Such experimental s tudies  

.. - 
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We shall f i r s t  examine t h e  r e l a t ion  between the 

gas flaw rate and the pressure drop across the porous 

surface; the discussion i s  based on the studies reported 

i n  References 61, 70 and 71, Take a capi l la ry  of a 

given radius ro, the pressure difference which is 

required fo r  the formation of a bubble is given by 

Equation 1-1. 

bubbling process i n  nucleate boiling and from a porous 

plate are ident ica l  , 

Thus the  problem of i n i t i a t i n g  the 

Consider now the effect of increasing the gas 

flow rate. At l o w  gas f l o w  rates only few of the 

l a rges t  pores are bubbling. As the gas f l o w  increases 

the pressure difference increases and an increasing 

number of smaller pores become act ive,  Vershoor noted 

that i n  addition t o  these new pores coming i n t o  action 

the first ones are yielding la rger  bubbles. 

pores can be brought i n t o  act ion also by reducing the  

surface tension of the Liquid. The porosity of the 

surface determines the s lope  of t he  curve. This can be 

seen on Figure 111-2, which i s  reproduced from R e f -  

erence 70, 

Smaller 

The reader should compare now the eqer imenta l  

r e s u l t s  l i s ted  above t o  the discussion, given i n  

Section 1-4, of the e f f ec t  of surface roughness upon the 

r e l a t ion  between the heat flux density and superheat 
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FIGURE 111-2. 
GAS VELOCITY AND THE PRESSURE DROP ACROSS A POROUS 
PLATE AS A FlTNCTION OF THE PORE SI= ( T h i s  figure 
is  reproduced from the paper by Siemea and Borchers, 70) 

THE RELATION BETVf5N THE SUPERFICIAL 
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temperature difference TTq - Ts, i n  nucleate boiling. 

I f ,  as it was suggested i n  Section 111-1, ??gas flow 

rate" i s  substi tuted f o r  "heat flux density7', both 

descriptions are alike. 

Clapeyron' s equation the superheat temperature difference 

can be expressed i n  terms of a pressure drop. 

Note that through Clausius- 

I?e shall now e r m i n e  some hydrodynanic cliarac- 

t e r i s t i c s  of f luidized bubble-beds. For additional 

information the reader i s  referred t o  the excellent 

study of Siemes. TIE flow process of gas bubbling, 

through a porous plate  i s  characterized by two d i s t i n c t  

flow regimes, 

regime exhts ,  whereas a f%urbulentll regime i s  associated 

w i t h  high gas flow rates. 

are active. Bubbles of constant volume rise w i t h  a 

constant veloci ty  tJithout interacting. A t  these low gas 

flow rates an increase of Elow rate r e s u l t s  mostly i n  an 

increase of the number of acting pores ,  i.e., of the 

bubble population. A t  s t i l l  higher rates both the popu- 

l a t i o n  and the bubble volumes increase and bubbles start 

interacting. 

gas flow rate, the flow changes t o  a turbulent process, 

Houghton and co-workers (71) observed that t h i s  change 

i n  the  flow regimes i s  associated with bubble coalescence. 

If the gas f l o w  rate is  s t i l l  fur ther  increased large 

plugs of gas are formed. 

At low gas f l o w  rates a so-called t l l d n a r l l  

At l o w  gas flow rates f e w  pores  

This process continues u n t i l ,  a t  a c r i t i c a l  



The d i s t i n c t  difference between these two f l o w  

regimes i s  shuwn on Figure 2 i n  Reference 69, 

noted t h a t  hydrodynamically, nucleate boi l ing i s  similar 

t o  the  process of a gas bubbling from a porous o r  per- 

forated plate ,  Indeed, if Figure 2 from Reference 69 

is compared t o  t h e  photographs of nucleate boiling which 

were published by Westwater and co-workers (1, 251, no 

difference can he seen. 

t o  nucleate boiling a t  l o w  heat t r ans fe r  rates, whereas 

the "turbulenttT regirne corresporxis t o  the region close 

t o  the  cri t ical  heat flux. It appeara thus that the 

crit ical  heat flux i s  characterized by a change i n  the 

flow regime. We ohall explore t h i s  statement fur ther .  

It was 

The TTlaminartf regime corresponda 

111.5. The Phenomenon of ttFloodingt' 

The change of flow regimes and, consequently, 

of t h e  operating conditions is not a cha rac t e r i s t i c  of 

f lu id ized  bubble-beds only, but i s  a phenomenon which 

occurs i n  the  performance of other  apparatus. It has 

been recognized that the l iqu id  and gas throughput i n  

packed columns is subject t o  an upper l i m i t  above which 

the  column ceases t o  operate s a t i s f a c t o r i l y  as a cotmter- 

current device. 

as the ttloadingly o r  t he  ttfloodingtf point. 

apparatus tTflooding't is determined by both gas and l iqu id  

This upper l i m i t  i s  designated either 

For a given 

rates, A t  any given gas rate there  is a de f in i t e  l i qu id  
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rate above which a packed column W i l l  flood. 

a t  any given l iquid rate there i s  a def in i te  gas rate 

above which the  column w i l l  flood, 

S i d l a r l y ,  

The mechanism of llEloodinglt i n  a sieve-tray dia- 

t i l l a t i o n  tower was recent ly  described by EicAllister, 

McGinnis m d  Planlc (74) . 
resul ted from a complete l i f t i n g  of the l iqu id  from the 

t r a y  f l o o r  and subsequent carry-over of a l l  the l iquid 

on the tray as e n t r a f m n t .  

Among other e f f ec t s ,  YXoodingtt 

The generali ty of the  l'floodingtt phenomenon w a s  

best  discussed by Elgin and lJeiss ( 7 5 )  and we shall quote 

now t h e i r  description of the mechanism. 

"It i a  believed desirable t o  emphasize here the  

generali ty of flooding and t o  visual ize  it as a requ i s i t e  

consequence i n  any apparatus i n  which one f l u i d  passes 

discontinuously through an immiscible second one. The 

flooding of t h e  packed tower i s  a special case of t h i s  

general viewpoint , Bubble-cap, spray, bubble, o r  f i l m  

type gas-liquid o r  l iquid-liquid towers exhibit  flooding 

i n  e s sen t i a l ly  the s a m e  manner. 

laboratory studies of the flooding of sucli equipment 

indicate  no fundanlental o r  rad ica l  difference i n  the 

operative meclztinism producing flooding. 

i n  the visual  beliavior of sucli equipment arises from 

differences i n  the phase i n i t i a l l y  discontinuous. 

Preliminary v isua l  

A dif f erence 

The 

I -.I 
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behavim of an evaporator o r  vaporizer operated at  an 

excessive heat rate f o r  i t s  diameter or  a tube containing 

a column of water in to  which air is bubbled a t  an in- 

creasing rate is believed t o  be an evidence of the same 

basic phenomnon. 

"The general character of flooding is visualized 

as f o ~ ~ o w s :  AB pointed out the holdup of any discontin- 

uous phase pasaing through another, whether the l a t te r  

is i n  motion o r  not,  necesearily increases with i t s  rate 

of flow since I ts  l inear  veloci ty  i n  the continuous i s  

less than proportional t o  the r a t e  a t  which it enters.  

That i t s  holdup m u s t  event-mlly approach the f r e e  volme 

or cross sect ion of the apparatus and r e su l t  i n  a ten- 

dency f o r  it t o  become continuous and displace the phase 

i n i t i a l l y  cotlti.nuous i s  obvious , The continuous phase, 

if In  countercurrent motion, retards the pmsage of the 

discontinuous through f r i c t i o n a l  drag t o  a grea ter  or 

less extent. An increase in the holdup of the l a t t e r  

follows. 33is i n  turn r e s u l t s  i n  a corresponding increase 

of holdup. 

mutually interdependent, the e f fec t  i s  multiplied a t  a 

rapidly accelerating pace with fur ther  increase i n  volume 

of e i the r  phase fed t o  the apparatus and must eventually 

culminate i n  flooding. 

reached, either of two things may happen, Depending 

Since the  countercurrent ve loc i t ies  are 

When the flooding point i s  

I '  
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upon the rate of  passage of the continuous phase i f  made 

discontinuous i n  the other and i t s  corresponding holdup 

a t  the re la t ive  volurne f low rates a t  which f l o o d i q  has 

occurred, e i t h e r  the discontinuous phase is reversed, 

and the only evident change i s  a t r ans i t i on  say,from 

a spray t o  a bubble device; o r  i f  the flow conditions 

are such that the corresponding holdup of  each would be 

suf f ic ien t  t o  f i l l  the available volume, a competition 

r e su l t s  and either is discharged more o r  less violent ly  

from one o r  both ends of the apparatus. Both conditiona 

occur i n  packed tower o r  a spray type l iquid-liquid 

tower. 

type o r  a bubble type gas-liquid tower. 

be regarded as flooding with respect t o  l iqu id ,  the 

second t o  ga6.” 

Only the lat ter s i tua t ion  i s  observed i n  a f i lm 

?‘tie f i r s t  may 

‘we can in t e rp re t  now the cr i t ical .  heat flux as 

the  region where vapor and l iqu id  compete f o r  the f r e e  

volume. It i s  a hydrod7Jnd.c phenomenon l i k e  other 

ltfloodinglt phenomena. IJe may excect , theref ore ,  t h a t  

it w i l l  occur when the veloci ty  of the vapor phase reaches 

a c r i t i c a l  value. Lilz i n  the experiments of McAllister 

and Planlc (74) the l iquid w i l l  be pushed away from the 

surface and the whole system w i l l  osciLlate a t  some 

charac te r i s t ic  frequency. 

the c r i t i c s 1  veloci ty  of the vapor phase, and t h i s  fre- 

In  Chapter V I  we shall deternine 
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I 

quency. In the next section we shall, d i S ~ ~ 8 8  the 

heretofore proposed correlat ions of the c r i t i c a l  heat 

flu%. 

I 

111-6, Previous Empirical Correlations of the Critical 

Heat Flux 

The observation of Elgin and Weiss which was 

quoted i n  the preceding section is, t o  the knowledge 

of the writer, the f i r s t  reference i n  the literature 

which interpreted the cr i t ical  heat f h X X  as a hydro- 

dynamic phenomenon, The f i r s t  correlation o f  experi- 

mental data of the  cri t ical  heat t ransfer  rates which 

used the concept of "flooding" w a s  reported by Bonilla 

and Perry (751, 

The correlation of experimental data fo r  column 

flooding are plotted in terms of two dimensionless 

111-7 
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where Ug, UL, and fs,  yL are the super f ic ia l  velo- 

cities and densi t ies  of  t h e  g a ~  and l iqu id  phase resmc- 

t ive ly ;  whereas m and g are the hydraulic radius and the 

acceleration due t o  gravity, 

sionlese groups t o  the cr i t ical  heat flux, B o d l l a  and 

Perry substi tuted the group q/L 

To apply the above dimen- 

for Ug, and 

?I/ f v  f o r  Ug/U~. The hydraulic radius was expressed 

i n  terms of the diameter Dd given by Equation 1-7. 

correlat ion was expressed thus i n  terms of 

The 

The experimental values of the  cr i t ical  heat f lux q ,  

€or boil ing binary l iquid mixtures, w e r e  inser ted i n  

Equation 111-8, and the da ta  was plot ted on a log-log 

scale using and T4 as coordinates. From the 

r e s u l t s  Bonilla and Perry concluded, points do not 

f a l l  too far f r o m  the flooding line." However, i n  t h e i r  

subsequent publications th io  approach t o  the cri t ical  

heat f lux w a s  no t  pursued further. 
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The view that the c r i t i c a l  heat flux marks a 

t rans i t ion  from one regime t o  another w a s  adopted by 

Kutateladze (78, 771, Borishanskii (s@, 791, Sterman 

( 5 G ) ,  and by Rohsenow and Gr i f f i t h  (841. The analysis 

of Kutateladzo w i l l  be discussed i n  greater d e t a i l  

because he w a s  responsible for  the invest igat ion and 

in te rpre ta t ion  of the  cr i t ical  heat flux as a hydrody- 

namic phenomenon. 

Kutateladze noted (78, 771, "At  heat t rnnsfer  

rates close t o  the cr i t ical  heat f lux,  the amount of 

vapor forming on the surface is  so large tha t  it is  

impossible t o  consider separate nucleating centers 

and separate bubbles. Consequently, i n  t h i s  case the 

meaning and the concept of the frequency of  bubble 

generation is l o s t  . , . the  e s e n t i a l  feature  of the 

theory of the phenomenon can be derived i f  one assumes 

tha t  the  crisis i n  the boiling process i s  purely a 

hydrodynamic phenomenon: 

of two-phase flow exis t ing close t o  the heating surface." 

According t o  this view the  change from nucleate t o  

t rans i t iona l  bai l ing occurs when the veloci ty  i n  the 

vapor phase reaches a cr i t ical  value, S t a r t i n g  from 

the non-linear Euler equation of motion and the energy 

equation he derived by dimensional analysis,  the  following 

equation f o r  the  cr i t ical  heat f lux  i n  pool boil ing of 

the destruction of s t a b i l i t y  

\ '  ._ 



l iqu ids  a t  saturation: 

lo0 

IIT-9 

The constant K was determined from experiments 

and i t a  value was found t o  be 

J1( 2 0.Ico 111-10 

The same equation, using dimensional analysis but a 

different thought model, was re-derived by Sterman ( 5 6 ) .  

It is in te res t ing  t o  note here that the dimen- 

sionless group K defined by Equation 111-9 is equal t o  

the square r o o t  of the dimensionless group 

by Equation 111-8. 

v3 defined 

In two recent papers Borishanskii (88, 7 9 )  

extended Kutateladze's analysis t o  include the e f f ec t  

of viscosity.  In the discussion he pointed out several  

interest ing aspects of nucleate boiling close t o  the 

c r i t i c a l  heat flux. 

here. 

of steady heat t ransfer  r a t e s  i n  the neighborhood of the 

c r i t i c a l  nucleate heat f l u x  leads t o  the conclusion that 

there exists a d i r ec t  steady movement of l iquid toward 

the heating surface and of vapor away from it. 

These comments are worth repeating 

,4ccording t o  Borishanskii the continuous exlstence 

Because 



of the density difference 

Borishanskii reasoned t h a t  a large par t  of a cross- 

sect ional  area close t o  the heating surface i s  occupied 

by vapor rather than by l iquid.  Therefore, ne= the  

heating surface one can conaider a two-phase boundary 

layer  whose thickness is of the order of a disengaged 

bubble. This two-phase boundary region may be visua- 

l i zed  as consisting of l iquid streams flowing toward 

the surface and surrounded by vapor. The shapes of the  

filaments of l iquid as they flow towards the wall are 

not well defined because of the inherent randomness i n  

the bubble dynmics and coalescence i n  the nucleate 

regime . 

between the two phases, 

A t  10w nucleate boiling heat t ransfer  rates the  

d iscre te  phase appears as a vapor bubble surrounded by 

a mass of Liquid; whereas close t o  the c r i t i c a l  heat 

flux it is,  ra ther ,  a l iqu id  stream Eilament bounded by 

a group of bubbles. The change f r o m  nucleate to transi- 

t iona l  boil ing occurs when the steady f l o w  of the l iqu id  

toward the wall is disrupted, i.e., when a t  c r i t i ca l  

veloci ty  of the vapor phase the l iqu id  streams are 

destroyed. Borishanskii noted further that :  This 

problem seems analogous from a theore t ica l  point of 

view t o  the disturbance o f  steady flow of a l iquid 

stream i n  gas which moves coaxially with it. The 
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solution of the problem leads t o  a relat ionship between 

the  increment of the osc i l l a t ion  and the wave length. 

Further analysis of the equation f o r  the limiting case 

of s tab le  flow leads t o  the conclusion that the  cr i t ical  

boiling point corresponds t o  the  establishment of a 

def in i te  geometrical s t ruc ture  o€ t h e  two-phase boundary 

layer," 

phenomenon w a s  t o  be explained by analyzing the s t a b i l i t y  

of a l iqu id  jet surrounded by a moving, codal, vapor 

phase, From the equation which determines the amplitude 

o€ the wave and from the energy equation he established, 

by dimensional analysis,  - two s imi la r i ty  criteria: K 

given by Equation 111-9 as previously found by Kutateladze, 

Borishanskii, therefore, considered that the 

and N, given by 

111-11 

By plo t t ing  K versus N he found the following approxhate 

re lat ion:  

111-12 
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In order t o  establish the above correlation, 117 experi- 

m n t a l  data points were used. 

represent the following l iquid-solid combination: Water 

The experimental data  

boiling on a graphite surface m), ethanol, benzene, 

n-heptane, and n-pentane boiling on a chromium plated 

surface (821, ethanol (83) and water (84) boiling from 

a rdchrome surface. 

i n  Equation 111-12 only i n  the additive correction fac tor  

M. Inasmuch as the deviation from a horizontal  l i n e  is 

s m a l l  i t  can be seen from Figure 111-3, t ha t  the effect 

of the viscosi ty  is a l so  small. 

The viscos i ty  of the l iquid appears 

Good agreement with experimental data was achieved, 

a lso,  by the correlat ion proposed by Rohsenow and Gr i f f i t h  

(89) : 

111-13 

The value of the constant C = 143 f.p.h., w h i c h  has 

dimensions of a velocity,  and the exponent m = 0.6 w e r e  

determined from experimental data by plot t ing q/L ev 
versus the buoyancy term y L  - Tv /  yv. 

Equations 111-9 and 111-13 are rernarlsable f o r  

three reasons, W e  note f i r s t  that they do not r e l a t e  

heat t ransfer  t o  a temperature difference, Also, they 
. I  
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1 water 
2 benzene 
3 ethanol 
4 pen- 
5 pentam 

6 heptane 
7 Propans 
8 propane 
9 water 
10 bornens 

FIGURE 111-3. ~QR~~ELQTION OF DATA FOR VARIOUS LIQUXW AT THE 
CFUTICAL HEAT FLUX DEIWTY IN POOL BO-. 
This figure i s  reproduced from the r epor t  B a r i a h a n s k i i  (79,SO). 
The solid line (Equation III-l.2) is his best f it  curve t o  117 data 
points. The two dashed lines represent the upper and h e r  baunda 
on X (Equation VI-13) derived by the considerations in the paper. 
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do not depend upon the therm1 and trannport properties 

of the liquid. And, we note their striking simplicity. 

These characteristics of Equations 111-9 and 111-13 are 

surprising when an interpretation of the phenomenon is 

sought in termo of the conventional convective heat 

transfer concepts where the thermal and transport pro- 

perties of the liquid are of paramount importance. It 

is not surprising, however, if the critical heat flux 

is interpreted as a hydrodynamic phenomenon of "flooding" 

which occur6 at a critical velocity of the vapor phase. 

This statemnt is confirmed when Equation 111-13 is 

compared to the equation which gives the critical, i.e.* 

the limiting, vapor velocity at which a bubble-cap 

column floods ( 8 3 ) .  

111-14 

where Uc is the maximum permissible velocity, in feet 

per second, based on the area of the bubbling section of 

the plate and K is an empirical constant. 
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111-7. Nucleate Boiling and the Region of the Cr i t i ca l  

Heat Fluzt 

In Chapter I we have reviewed experimental r e s u l t s  *s 

of nucleate boiling. 

chapter, nucleate boiling and the process of a gas 

bubbling through a l iquid were compared and two s M -  

larfties w e r e  analyzed. W e  have considered f i r s t  the 

s imi la r i ty  which exists between a gas bubbling through 

an o r i f i ce  and bubbles growing from a nucleus i n  boiling. 

Following th i s  

exists between nucleate boiling and a gas bubbling 

through a perforated surf ace. 

In  the preceding sections of t h i s  

we have considered the s imi la r i ty  which 

By making u8e of the f i r s t  s imi la r i ty  and of 

some known facts concerning the frequency of bubble 

emission from an or i f ice ,  an equation (Equation 111-4 

o r  111-5) w a s  derived for the product Dd.f i n  nucleate 

boiling. It is possible thus, from Equation 111-4, t o  

estimate the maximum frequency of emission of simple 

bubbles i n  nucleate boiling. 

cated a lso  the p o s s i b i l i t y  of expressing the diameter 

Dd of a simple bubble departing from the heated surface 

i n  terms of the r ad im of ro of the nucleating cavity. 

The first  s imi la r i ty  indi-  

The second s imi l a r i t y ,  i.e., the s imi la r i ty  

which e:&sts between nucleate boiling and the process of 

a gas forced t o  bubble through a perforated .surface, 



... 

indicated the basic nature of t h e  phenomenon which 

induces the change from nucleate t o  t rans i t iona l  boiling. 

f t  was seen tha t  the cr i t ical  heat flux is a hydrodynamic 

phenomenon. 

re la t ions  (cf, Equation 111-13) can be  understood only 

if the cr i t ical .  heat flux is interpreted as a ttfloodingtt 

phenomenon. 

It w a s  concluded a h 0  tha t  d s t i n g  cor- 

In this section we shall in tegra te  the discweion 

given i n  Chapter I with the r e su l t s  presented i n  the 

. preceding sections of t h i s  chapter. W e  s h a l l  attempt 

thus t o  form a composite picture of nucleate pool boiling 

from a horizontal  aurface. 

Consider t h e  e f fec t  of increasing t h e  heat flux 

density on the wocess of boiling. 

dens i t ies  nucleate boiling takes place i n  patches, In 

these patches of nucleate boiling "simplett bubbles are 

generated (see Figure 111-4.a). 

center bubbles depart- with a regular frequency and with 

a constant diameter. 

the frequency can be approdmated by Equation 111.4. 

To a d is t r ibu t ion  of nucleating cavities of di f fe ren t  

dim~n8ions there corresponds probably a d is t r ibu t ion  of 

departing bubbles having di f fe ren t  diameters and d i f -  

fe ren t  frequencies of emission. The veloci ty  of bubble 

rise i n  the v ic in i ty  of the surface can be approximated 

A t  low heat f l u x  

From a given nucleating 

The product of the diameter and 

. . . . .  . . . . . . . . . . . . .  ..... ... ..... . . . . . .  -.. -. ._ . . . . . . .  . ,  
. .  
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fo 

Figure 111-4, Schematic Representation of the 
Process of Nucleate Boiling 

, 
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by Equation 111-2. 

is agitated. 

of a nucl&ating center colder liquid is brought in 

contact with the heating surface, thus resulting in high 

As bubbles grow and depart t b  liquid 

At regular time intervals in the vicinity 

local heat transfer rates. The process of bubble gener- 

ation and, consequently, the process of local heat 

transfer are intermittent. The sum of such high local 

heat transfer rates results in an average total heat 

flux density wtlich i s  higher than in a non-boiling 

system. 

As the heat flux density increased the 

patches of nuclaate boiling spread, i.e., the bubble 

population increases. In addition to the new active 

nucleating centers the f i rs t  active ones are generating 

"multiple" bubbles (see Figure 111-4.b) . The process of 

spreading of patches of nucleate boiling continues with 

an increase of the heat f lux  density until the whole 

surface is covered w i t h  active s i tes .  

The bubble population continues to increase with 

The frequency of bubble increasing heat flux densities. 

emission increases until bubbles follow each other, ie., 

the contact t h  is almost zero. For a given bubble 

diameter the maxhum frequency can be estimated from 

Equation 111-4. Under these conditions coalescence of 

bubbles takes place. Consequently, from ~ o m e  nucleating 

. .  . .  . . . . . . . - .  I . . .  , . ., . , . 
I .  
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centers continuouo vapor co lumne , i .e . , vapor jets, are 

generated. A t  some distance from the surface these 

vapor jets brcdc up into l a rge  bubbles (see Figure III- 

4.c). It is probable that- fur ther  increase of t h e  heat 

flux deneity r e s u l t s  mainly i n  hc reaa ing  the number of 

the,ae continuow vapor columna, although the bubble 

population w i l l  keep increasing a l s o .  

The vapor veloci ty  i n  these jets increases with 

increadng heat flux density. 

u n t i l  at  s o m  cr i t ical  veloci ty  of the  vapor two neigh- 

The procesc continues 

boring j e t e  s t a r t  interact ing,  i.e., become unstable. 

The l i qu id  stream between the two je ts  fe interrupted, 

nnd the  steady flow of the l i qu id  toward the surface 

ceaoes (see Figtire 111-4 .d)  . 
Elgin and Wcioo the vapor and the  l iqu id  a t a r t  competing 

for the free vo~unx? and ttfloodingtf starts. 

Uoing the expreeslon 'of 

For a horizontal surface the  interact ion of the 

jets occurs a t  a random place. 

on the surface n large patch of vapor is formed (see 

Figure 111-4.e). 

of nucleate boiling which appear a t  l o w  heat f lux 

denaj-ties from the large patches of vapor which appear 

i n  the region c looe  t o  thc c r i t i c a l  heat f lux,  we shall 

refer t o  the Tatter one8 as patches of t rans i t iona l  

boil ing Stich a patch inculn tes  the atirf ace locally. 

Thuo, a t  random location 

In order to distinguish the patches 



Consequently, for  a constant heat f lux  density the t e m -  

perature of the surface increases. 

of evaporation t o  increase and r e su l t s  i n  higher vapor 

veloci t ies  i n  other jets. 

a t a r t  in te r fe r r ing  with each other and patches of transi- 

t i o n a l  boil ing appear a t  a compounding ra te .  

the expression of Elgin and Weiss the e f f ec t  of the in- 

s t a b i l i t y  is mtiltiplied a t  a rapidly accelerating pace. 

Thus i n  the region of t h e  c r i t i c a l  heat flux a small 

increase of the heat f lux density r e s u l t s  i n  a large 

increase of the surface temperature. Consequently, in 

This cause6 the r a t e  

These, i n  turn, become metable ,  

Using, again, 

the q = 

boiling 

boiling 

A T plane there exists a plateau across which 

changes from the  nucleate t o  the t rans i t iona l  

regime, 

The patches of t rans i t iona l  boil ing are 

hydrodynamically unstable; this problem w i l l  be analyzed 

i n  the chapter which follows. In collapsing, i.e.* when 

the vapor-liquid interface of a patch approaches the 

heated surface,, large r a t e s  of evaporation occur and 

the interface is pushed v lo l en t ly  back, 

similar t o  explosions o r  burs t s  of vapor. 

the tffloodingff of sieve-tray8, i n  the region of the  

c r i t i c a l  heat flux, the l iqu id  is pushed away from the 

surface and the whole eystem o s c i l l a t e s  a t  some charac- 

t e r i s t i c  frequency. 

The process i e  

Similarly t o  
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Once the patches of t rans i t iona l  boiling cover 

the  whole surface, transitional boiling set8 in. The 

problem of t rans i t iona l  boi l ing i s  taken up i n  the 

chapters which follow, It will be seen tha t  a w e l l  

defined geometry is the oharacter ie t ic  of t rans i t iona l  

boiling. Therefore, an analyt ical  solution of the 

problem can be at ta ined (86, 87 ,  8 8 ) .  In nucleate 

boiling the flow configuration is not well defined. 

noted by Barishanskii, "the form of the l iqu id  streams 

d i f f e r s  considerably d n c e  it is determined by the not 

well regulated order of the  combination of vapor bubbles." 

It waa observed i n  Reference 88 ,  t h a t  given a f i e l d  

equation and no geomeeical data ,  Kutatelndze and 

Borishanskii found it  necessary t o  use dimensional 

As 

analysis, which La the best  that can be done under the 

circumstances and which reduces the problem t o  the 

determination of an empirical constant. 

111-8. Nucleate Boiling H e a t  Transfer = Methods 

Of h€llySiS 

In t h i s  closing section of the chapter on hydro- 

dynamic aspects of nucleate boiling w e  sha l l  discuss 

b r i e f l y  two methods of analyzing the process of  heat 

t ransfer  i n  nucleate boiling. 

mental data which are based on finding empirical 

re la t ions  among dimensionless groups w i l l  not be diacussed 

Correlations of experi- 
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here. This approach t o  the problem as w e l l  as the 

". ; . .  -. 

correlat ions which have been proposed are discussed i n  

Reference 88.  

It waa discussed i n  the preceding sections t h a t  

heat t ransfer  rates i n  nucleate boiling are the r e s u l t  

of loca l  e f f e c t s  which are created by bubbles growing 

and departing from the  heated surface. Consequently, 

an analysis must consider both the effect of bubble 

population and the mechanism of vapor removal, 

The problem can be analyzed either by considering 

the transport  of enthalpy a c r o ~ s  an imaginary boundary 

located in the l iquid,  o r  by considering the mechanism 

of energy transfer a t  the heating surface. A complete 

analysis cannot be carried out a t  present because both 

methods require information on the bubble population; 

t h i s  information is not available yet. In what follows 

we s h a l l  only outline these two methods of analyeis end 

cite the contributions and suggestions w h i c h  w e r e  

advanced by various researchers. 

The transport  of enthalpy which was considered 

by Sterman (56) and by Treschov (20) is an energy 

balance: 

plied by the frequency of emission and by the number of 

bubbles p e r  un i t  area, is equated t o  the heat f lux  

density, thus. 

the enthalpy transported by one bubble, multi- 

. ... . . ~ .  .. . . - .  . . . . . . . - * .  .~ ... . ,. ... . . . .  . .. . . .  . . _ . .  



I 11-15 

where the bar re fers  t o  mean values. 

The second method of a n a l y s i ~  was proposed by 

Kruzhilin (54 ,  5 5 )  and by Rannie (47); they co na idered 

the heat t ransfer  process a t  the heating surface. It 

w a s  noted that, because of the growth and departure of 

a bubble, colder liquid i s  periodically brought i n  

contact with the heating surface, Thua jLn the v ic in i ty  

of a nucleating center large temperature gradients are 

created periodically;  conduction is  increased and 

becomes t h e  dominant heat t ransfer  process. 

The analysis i s  formulated (54, 55) by consid- 

er ing the amount of energy w h i c h  is  transferred from 

the heated surface ( x  = 0 )  during a contact time tc, 

acrom an area element F. This area F i s  the segment 

of the  t o t a l  heated surface which i s  influenced by the 

action of one nucleating center,  i.e., i t  is  the 

"influence domain" of one bubble, 

Q', which is transferred by the action of one nucleating 

center becomes thus 

The amount of energy 

t d +  t c  

1x1-16 
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The t o t a l  amount of energy Q, which ie transferred from 

the  surface, is obtained by multiplying Equation 111-15 

by the  t o t a l  number of nucleating centere. 

In order to  make use of Equation 111-15 it is 

necessary t o  evdt ia te  the gradient (?%X )x.ro, This 

temperature gradient w i l l  be determined, as i n  similar 

t rans ien t  conduction problems, by the  coupling of the 

thermal f i e l d s  which exist i n  the so l id  and i n  the liquid. 

It will depend thus upon the thermal properties of both 

the solid and the l iquid.  

characteristics of the  so l id  on niicleate boiling heat 

transfer were discussed by Rohsenow, Sabersky and Snyder 

(47) , 

wag quoted i n  Section X-4, only adds supporting evidence. 

It w a s  discussed by Gr i f f i th  (44) tha t  when the temper- 

ature of the heated surface remains approximately 

constant during the  process of intermit tent  heat transfer, 

the temperature distribution in the l iqu id  during the 

contact time t,, can be approximated by the  solut ion of 

Equation 12-2, 

is given then by Equation 11-4. 

The importance of the thermal 

The observation made by Zysina-Molozhen, which 

The inetantaneous temperature gradient 

When the  energy equation f o r  the l iquid adjacent 

t o  the heating surface can be approximated by Equation 

11-2, the problem of intermit tent  heat t ransfer  i n  

nucleate boiling becomes s i m i l a r  t o  the system which is 
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described by the tldiscontinuou.s f i l m  

w a s  developed and used by Highbie (89), Dnnkwerts (90) 

and Hrvlratty (91) t o  describe the exchange of mass, 

momentum and energy a t  a boundary. 

t h e o r y ,  masses of f l u i d  can be visualized as moving t o  

and from the w a l l  causing a continual change of the 

This model 

According t o  this 

fluid i n  contact with the w a l l .  

corns i n  contact with the sol id ,  i t s  surface layer 

inmediately a t t a i n s  the temperature of the wall. 

remains i n  contact with the w a l l  f o r  a period of t i r u e  

t,, during which energy i s  t ransferred f r o m  the w a l l  

t o  the  l iqu id  by conduction. The problem i s  s i m i l a r  

t o  the heating of a block of metal. After the contact 

t ime t,, the mass of f l u id  is replaced and the process 

i 8  repeated. 

When a mass of f l u i d  

It 

The problem is  formulated by considering the 

instantaneous temperature gradient, i n  t h i s  instance 

it i s  given by Equation 11-4. 

the same contact t i m e  tc, the average, i.e,, the 

If a l l  f lu id  masses had 

measured heat f lux  density would be 



However, d i f fe ren t  l iquid names w i l l  have d i f fe ren t  

contact t ines ,  The ef fec t  of tlxi variations is taken 

in to  account by considering the probabili ty $(+c) 

that a f lu id  mass has a contact time between tc and 

t + dtc. The average heat flux is obtained by in te -  

grating over a11 variat ions,  thus 

0 

It is seen from this brief  discussion tha t  the 

system which is described by the  "discontinuous film 

m o d e l "  resembles the process of intermit tent  heat 

transfer which tales place i n  nucleate boiling. 

investigation along this l i n e  w i l l  be given a t  a la ter  

date. H e r e  we note that this approach can be readi ly  

applied t o  t rans i t iona l  boiling, It w i l l  be seen in 

the  chapters which follow tha t ,  i n  contrast  t o  nucleate 

pool boiling w h e r e  the frequency of bubble emission 

and therefore the contact t i m e s  are given by a d i s t r i -  

bution curve, i n  t rans i t iona l  boiling t o  a given heat 

f l u x  density there corresponds one frequency. 

t rans i t iona l  boil ing Equation 111-18 is reduced t o  

Equation 111-17 which permits -an ana ly t ica l  solution of 

An 

Thus, i n  

the  problem (87 ,  8 8 ) .  

111-18 
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CHAPTER IV 

HYDRODYNAMIC ASPECTS OF TEUNSITIONAL BOILING 

The region of the critical heat Elrut was discussed 

in the preceding chapter. It was observed that when two 

vaporjets start interferring with each other the flow of 

liquid toward the surface is interrupted and a patch of 

vapor, i.e., a patch of transitional boiling, is formed. 

The region of the critical heat flux i s  characterized 

thus by the presence of both nucleate and transitional 

boiling. 

the whole surface tranaient boiling sets in. 

analyze in this chapter the hydrodynamic aspects of 

transitional boiling. 

When patches of transitional boiling cover 

We shall 

The first analytical investi- 

gation of the characteristics of transitional boiling 

was reported in Reference 86;  the problem was investi- 

gated €urther in Keference 88. 

In transitional boiling the heating surface is 

separated from the liquid phase by an unstable irregular 

f i lm of vapor. TIie process is hydrodymtxically unstable, 

because the acceleration is directed from the less dense 

to the more dense nedium. -An understanding of the phena- 

menon requires therefore an understanding of the mech- 
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anism of hydrodynamic i n s t a b i l i t y ,  a t o p i c  which is taken 

up i n  the sect ion which follows. 

IV-1. S t a b i l i t y  of  a Plane Interface - Mathematical 

Formulation 

The problem of hydrodynamic s t a b i l i t y  of a plane 
- 

interface has received much at tent ion.  The reader is 

re fer red  t o  the treatise by Lamb (50 )  and i n  par t icu lar  

t o  the  recent monograph by Birkhoff and Zarantonello 

( 9 2 )  far a deta i led  discussion of the problem. 

fo1hws we shall summarize the r e s u l t s  which ar0 per- 

t inent  t o  the pmblem under consideration. 

is based on s tudies  which were reported by Taylor (931, 

Lewis (941,  ATlred and Blount ( 9 5 ) ,  Bellman and Pen- 

nington ( 9 6 )  and by Birkhof f ( 9 7 ,  9 8 ) .  

In  what 

The discussion 

When two l iquids of d i f fe ren t  dens i t ies  and having 

a common interface are accelerated in a d i rec t ion  perpen- 

dicular t o  the  boundary, any small i r r egu la r i ty  of the 

interface w i l l  tend t o  change i n  shape. The interface 

i s  s tab le ,  Le.* the  i r r e g u l a r i t i e s  w i l l  tend to  smooth 

out i n  time, 5.f the  acceleration is directed from the  

denser t o  the l i gh te r  f lu id .  The in te r face  i s  unstable, 

Le., the  i r r e g u l a r i t i e s  of t he  interface w i l l  grow with 

t h e ,  when the  acceleration is directed from the l i g h t e r  

t o  the  heavier medim. A famil iar  example of this 

phenomenon i s  a glass of water turned upside down. The 

.,. 
. .  

:,- . . . ,  ~ , .  - -  . . . .  . .  
. .  

. ,.-.... .. ... . .” . 
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air-water in te r face  instead of remaining plane as i t  

falls  d11 tend t o  farm long l iqu id  spikes which subse- 

quently d is in tegra te  into drops. 

kind is re fer red  t o  as ftTaylor i n s t ab i l i t y t t  because? as 

pointed out by Birkhoff and Zarantonello, Itthe f i r s t  

clear formulation of this principle  w a s  due t o  S i r  

Geoffrey Taylor (931, who also inspired i ts  experimental 

confirmation by Lewis .  t f  (94) 

An instability of this 

The problem was formulated mathematically by 

Kelvin (Reference 50, Page 458) using poten t ia l  theory. 

Consider a plane in te r face  a t  Y = 0 separating the  vapor 

in  Y < 0 and the  l iqu id  i n  Y > 0, L e t  an infinitesimal 

perturbation of this in te r face  be given by 

Under the  U 8 U a l  perturbation approximation the frequency 

equation of the in te r face  becomes (Reference 5 0 ,  Page , 

459, Equatlon 2) 

IV-2 

'7 120 
-. 



The condition of s t a b i l i t y  i s  that 

tu becomes imaginary the disturbance , given by 

Equation fV-1, w i l l  g m w  exponentially w i t h  t i m e ,  

wave length can be expressed i n  terms of the wave 

number , thus, 

be real; when 

The 

IV-3 

Equation IV-2 indicates that the disturbances of the 

in te r face  can be s t ab le  or unstable according t o  whether 

the wave length is shorter o r  longer than a crit ical  

value. 

Equation IV-2 t o  zero, thus 

This crit ical  value Js obtained by equating 

IV-4 

EcjUatiOn6 IV-1 and IV-2 indicate the existence of a 

continuum of unstable perturbations, each of which has 

its own growth rate. 

of t h e  i n s t a b i l i t y  the wave length which maxixdzes 

- 0 2 w i l l  be the ttmost dangeroustt, i r e r l  it wJ11 r e s u l t  

i n  a disturbance which has the most rapid growth. 

Because of the exponential nature 

oif- 

fe ren t ia t ing  0 2 w i t h  respect t o  the wave number I 

the "most dangeroustt wave length then becams (96): 



3.22 

I 

IV-5 

Substituting Equation 177-5 into Equation IV-2, the 

IV-6 

The most unstable disturbance is obtained f r o m  Equation 

IV-1 m d  IV-6, thus 

where 

I 

Iv-7 

IV-8 

The comparison of these theoretical results with experi- 

mental data is discussed in the section which follows. 
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IV-2. S t a b i l i t y  of a Plane Interface - Experinental 

Result L) 

W e  shall f i rs t  note some phenomena vrhich can be 

interpreted i n  terms of Taylor ins tab i l i ty .  It w a s  

observed by Bellman and Pennington (9G) t ha t ,  ll"his 

phenomnon explains the hanging of water drops on the 

underside of a horizontal surface, such as a cei l ing.  

Such a d r o p l e t  i s  undergoing an upward acceleration of 

980 cm/sec2 and w i l l  tend t o  dr ip  because of Taylor 

i n s t a b i l i t y  unless i t s  ef fec t ive  wave length i s  about 

hol = 1.73 cm. Droplets of larger  diameter dl1 tend 

t o  dr ip ,  w h i l e  smaller ones w i l l  tend t o  hang." Another 

evidence is  c i ted  by Lamb (50) and Idilne-Thompson (99) 

who point t o  experiments ''in which w a t e r  is retained by 

atmospheric pressure i n  an inverted tumbler whose mouth 

is closed by a gauze of suf f ic ien t ly  f ine  meshes.l1 

mesh size should not exceed 

The 

i\o1/2. 

It was  noted i n  Section 111-1 that  Davidson and 

Amick (64) reported Oo..  stable s ta t ionary bubbles could 

not be found at  an arifice having a d h n e t e r  of 0.79 cm,  

but s tab le  bubbles formed a t  an or i f ice  of 0.64 cm," 

The reason f o r  this becomes apparent when Taylor ins ta -  

b i l i t y  i s  considered. For water the c r i t i ca l  wave 

length 

a t  the o r i f i ce  o r  i n  the l iquid,  the o r i f i c e  diameter 

A o l  i s  1.73 cm; because of probable f luctuat ion 

, c  - -  
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of 0.79 cm was too close t o  the value of 

the s t a b i l i t y  t o  be maintained, 

AO1/2 f o r  

The occurrence of cap i l la ry  waves i n  s tab le  f i l m  

boil ing has been reported and described by Bromley (100) 

and by Weatwater and Santangelo (I). 

Chang (101) observed that i n  s tab le  f i lm boiling the 

In a recent paper 

bubble spacings computed from Equation IV-4 are i n  

agreement with experimental results reported by West- 

w a t e r  and Santangelo (1). 

The analytical prediction of  Taylor and of B e l l m a n  

and Pennington were verified by the experiments reported 

by Lec~is  (94) and by Allred and Blount ( 9 5 ) .  These 

experiments w e r e  conducted t o  determine the growth 'of 

sinusoidal perturbations with wave length h a t  a 

liquid-gas interface,  accelerated a t  a = 30g - 75.1: 

over a distance of 5 I\ - 1 5 A  . 
t h a t  "the i n s t a b i l i t y  is  made up of the following stages: 

Lewis (94) concluded 

"An exponential increase i n  amplitude as 

given by the f i r s t  order theory u n t i l  the  

amplitude is about 0.4 . 
"A t r ans i t i on  stage during which the amplitude 

increases from 0.4 t o  0.75 A and the  

surface disturbance changes t o  the form o f  

round-ended columns of d r  penetrating i n t o  

the l iqu id ,  t h i c h  forms narrow upstanding 
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columns i n  the in t e r s t i ce s ,  

3) "A f i n a l  s tage of penetration through the 

l iqu id  of t he  columns a t  a uniform veloci ty  

proportional t o  \(a - g 
Two additional stagee t o  be expected are discussed 

by Birlchoff (97); these are: 

4) 

5 )  

"A atage i n  which the boundarieo of the a h  

columns w i l l  deform i r regular ly  under the 

influence of Helmholtz i n s t a b i l i t y  and the 

growth of vo r t i c i ty ,  u n t i l  

"the: mixing zone separating the two f l u i d s  

is  turbulent, and muat be analyzed (like 

turbulence) by s t a t i s t i c a l  methodsett 

For detai led information concerning Taylor i n s t a b i l i t y  

the  reader is  referred t o  t h i s  excellent r e p o r t  by 

Bkkhof f .  

The i n i t i a l  exponential growth rate as predicted 

by Taylor'8 theory was verified further by the experiments 

of Allred and Blount (95). They observed also that during 

the f i n a l  stage of deformation (Stage 31, the in te r face  

consis ts  of spikes of heavy l iquid extending i n t o  the 

l i g h t  f l u id ,  and of rounded regions which may be thought 

of as bubbles of l i g h t e r  f l u i d  r i s i n g  in to  heavier f luid.  

The spacing of these spikes, i.ee, the e f fec t ive  "wave 

lengthtt was found t o  be i n  good agreement with the "most 
I *  



dangerousrv wave Length given by Equation IV-5. 

important t o  emphasize here thtit tlus equation was 

derived f rom two-dimensional considerations, 

It is 

Lewis (94) reported that the growth r a t e a  during 

the asymptotic stage cs.n be predicted from an equation, 

derived by Davies and Taylor (102), f o r  the rise of a 

large bubble: 

IV-9 

4 

x#kere r i s  the radius of curvature of the bubble vertex. 

Similar conclusions fur the asymptotic growth w e r e  

reported by Allred and Blount (Reference 95, Page ll)*. 

The asymptotic growth rate of Taylor i n s t a b i l i t y  w a s  

investigated a l so  theore t ica l ly  i n  the recent papers by 

Garabedian (103) and by BirIchoff and Carter (104). 

I n  t h i s  and the preceding section we have b r i e f ly  

surrnnarized r e s u l t s  of t h e o r e t i c d  ,and experimental inves- 

t iga t ions  of Taylor i n s t ab i l i t y .  

sections which fo l low that t r ans i t i ona l  boiling is closely 

re la ted  t o  this  i n s t ab i l i t y .  

It w i l l  be seen in the  

* See also Reference 97, Page 16 and Page 31, 
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IV-3. Westwater and Santangelo 8 Description of 

Transitional Boiling 

The only quantitative, experimental investigation 

of transitional boiling in the literature vas reported 

by Westwater and Santangelo (1). 

have as a guide for theoretical analysis the resulto of 

these and other outstanding experiments reported by 

Professor Westwater and his co-workers. 

Santangelo give the following description of transition 

It is fortunate to 

Vestwater and 

boiling. 

'West prior workers have failed to realize that 

this boiling is entirely different from both nucleate 

boiling and film boiling, No active nuclei exist. In 

fact, no liquid,-aolid contact exists either. The tube 

is completely blanketed by a film of vapor, but the 

film is not smooth nor stable. 

and in violent motion. 

The film is irregular 

Vapor is formed by sudden bursts at random 

locations along the film. 

hot tube, but before the two can touch, a miniature 

explosion of vapor occurs and the liquid is thrust back 

violently. 

ruptures, and the surrounding liquid again surges toward 

the tube. 

Liquid rushes in toward the 

The newly formed slug of vapor finally 

The process is repn,ated indefinitely. 

- . . ... , . . . .. , I .  . .  -. . .. . . . .. . . , , .  
. .  
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"One observer of these high speed motion pictures 

has expressed an opinion that  occasional liquid-solid 

contact does occur during t r ans i t i on  boiling. If so,  

these contacts are rare and exceedingly short. The 

present writers do not believe there i s  a real contact. 

"The frequency of t he  vapor burst  i s  surprisingly 

For an over-all Tw - T high, of 133OP ( and of 
8 

'&= 164 Btu/hr E t 2  OF) each inch of the photographed 

s ide  of the tube exhibited 84 bursts  pe r  second. The 

burst occurs so suddenly and unexpectedly tha t  even in 

slow motion they resemble explodono. 

"If the temperature i s  increased s t i l l  further,  

the blanket becomes tlucker and more s table ,  ... Tlie 

increase of vapor thickness r e s u l t s  i n  a be t t e r  damping 

of the explosive burst  u n t i l  f i n a l l y  EL thick r a the r  

s t ab le  f i lm r e s u l t s  and no more bursts  occur. Tliis i s  

the beginning of film boiling. 

The minimum heat flux, i.e,, point D on Fi-aure I 

is described by Vestwater and Santangelo as follows: 

"As vapor gathers at  the top of the tube, a rod- 

l i ke  mass forms d o n g  the top o f  the e n t i r e  length of 

tube. A t  f i r s t  the rod is smooth and rather uniform i n  

thickness, although f r i n t  movements occur constantly. 

As the gas rod  increases i n  volume, peaks and valleys 

form u n t i l  the upper boundary becomes sinusoidal i n  shape. 
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The entire rod ruptures, between a l l  the nales,  and a 

horizontal r o w  of bubbles rise side by side. After th0 

rupture, the whole process i s  repeated. One cycle 

requires 0.06 second when the over-all temperature 

difEerence is 184OP. 

"A second gas rod ruptures a t  points d i r e c t l y  

under the centers of the  las t  released individual 

bubbles. This means tha t  the  even-numbered rows of 

bubbles are displaced sideways by a half space from the  

odd-numbered ones. Viewed from the side the bubbles 

are similar t o  marchers arranged i n  t r iangular  spacing 

ra ther  than the conventional square spacing. 1' 

In the section which f o l l o w  w e  shall relate 

these observations t o  the discussion which was presented 

i n  the  preceding section. 

t r ans i t i ona l  boil ing i n  terms of Taylor i n s t ab i l i t y .  

IJe s h a l l  thus in t e rp re t  

IV-4. The Hydrodynamic I n s t a b i l i t y  of Transitional 

Boiling 

Consider a vnpor patch i n  t r ans i t i ona l  boi l ing 

from a horizontal surface (see F i j y r e  IV-1.a). The 

l iqu id  vapor interface is kydrodyn,mically unstable 

because the acceleration i s  directed from the vapor t o  

the l iquid.  

t a t ion ,  the interface has random i n i t i a l  perturbations, 

It cnn be expected tha.t,  because of agi- 

........ . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . .  . . . .  . . . . . . .  . .  - - .  - 
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Figure IV-1 Schematic Representation of 
the Process of Transitional Boiling 



dist r ibuted over a spectrum of wave lengths, 

It was seen i n  Section I V - 2  t h a t  t h e  growth rates 

and wave lengths which are obtained by two-dimenaional 

considerations are i n  good agreement with experimental 

r e su l t s .  It appears, therefore, that  t h e  essential 

charac te r i s t ics  of the physical process are w e l l  

described by two-dhencional equations. 

above agreement w e  shall, i n  w h a t  follows, m d c e  uee of 

this two-dhensional thought model. 

be e a s i l y  extended t o  three dimensions. Indeed, the 

three-dimensional frequency equation was published by 

Mame11 (Reference 50 Page 461 1. 

In view of the 

The analysis can 

It was seen in Section IV-1 t h a t  f o r  a two- 

dimensional system all perturbations with wave lengths 

longer than the  cr i t ical  one, i.e,? thm h.1, are 
unstable. For a interface which has random i n i t i a l  

perturbations it can be expected tha t ,  because of t he  

initiaL exponential growth, wave lengths near the "most 

dangerous" one, i r e r ,  near 

achieve f i n i t e  observable mpli tude.  

experiments of Lewis  and of Allred and Blount, the 

interface w i l l  consis t  of spikes of l iqu id  and of rounded 

regions similar t o  cy l indr ica l  bubbles which rise i n t o  

the  Liquid. 

i n s t a b i l i t y  a de f in i t e  geometrical configuration i n  

AO2, t r i l l  be the f i rs t  t o  

In l i n e  with the  

Therefore, as a consequence of Taylor 

._ .~ .. .- , .  , . . . , . . . . . . .. . . . - . . . .  . - .. - - - - .  * ~. , .1 .. . . .. __.. . . . ., . . ,  
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t rans i t iona l  boil ing can be expected (Gee Figure SV-1.b). 

This chape of the in te r face  i s  s h m m  by the photograph 

on Figure 10.4 in Reference 105. For a two-dimenoional 

system t h i s  geometry should be characterized by distur- 

bances with wave lengths i n  the spectrum 

IV-IO 

In contrast t o  nucleate boiling, where the dis-  

turbGmces of the superheated l iqu id  EiLm or ig ina te  a t  

randomly d is t r ibu ted  nucleating centers,  in t rans i t iona l  

boiling the  disturbances occur away from the  surface and 

are selected by the  properties of the f l u i d  f i e l d .  

In the i r  downward f a l l  the spilces approach the 

heated surface and rapid evaporation occurs. 

evaporates f rom the  sp ikes  the  vapor flows i n  the  region 

between two spilces, 

resanblcc; r i s i n g  lxrbbles (see Figure IV-1.c) .  The same 

A s  l iquid 

It was noted that t h i s  region 

form of the in te r face  is shown by the photographs on 

Figure 7, Reference 1, and on Figures 3.G, 3.7, 3.8, 

and 3.9 i n  Reference 95. These and o ther  photo,graphs 

are reproduced i n  Reference 88. Thus i n  t r a m i t i o n a l  

boil ing because of Taylor i n s t a b i l i t y  a release of 

bubbles a t  re,@,ar in te rva ls  ce.n be expected. 



.- . . .. .. \ 
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As a row of bubbles i o  released an unstable 

interface i s  E o m d  again. 

of the l i qu id  a spike w i l l  be formed nmt underneath the 

released bubble and the process  i s  renewed (see Figure 

Because of the dovmward f l o w  

IV-1.d). 

displaced therefore by half a wave length (see Figure 

The successive rows of bubbles w i l l  appear 

IV-1.e). To qyote Westwater and Santmgelo, "the 

bubbles are s i -mi ln r  t o  marchers arranged i n  t r iangular  

spacing." This spacing is shown by photographs on 

Figure 8 ,  Reference 1, and on Figure 14.3, Reference 106. 

The alternate interchange of posit ion between 

the spikes and. the rounded cy l indr ica l  bubbles bears 

similarity t o  the phenomenon known as Faraday's cris- 

pations which is discuseed by Rayleigh (107). 

quote h i s  description of the  phenomenon. 

aontal  plate on which l iqu id  i o  spread i s  set  t o  vibrate ,  

'Ithe motion of t he  l iqu id  in te r face  consists of two sets 

of s ta t ionary vibrations superposed, the ridges and 

furrows of the two sets being perpendicular to one 

another and usually p a r a l l e l  t o  the edges of the plate 

We s h a l l  

When a hori- 

8 A t  moment the ridges f orrn a set of parallel 

and equidistant lines, the  in t e rva l  being A . Midway 

between these arc the l i n e s  which represent,  at  t h a t  

moment, the posit ion of the furrows. After a lapse of 

a 1/4 per iod ,  the surface i s  f l a t ;  after another 1/4 



134 

period, the ridges and furrows a r e  again a t  t he i r  

n t m d m u m  development but the posit ions are exchanged." 

In the region of t rans i t iona l  boil ing close t o  

the c r i t i c a l  heat f lux,  the r a t e s  of evaporation are 

high. Consequently, the release of bubbles w i l l  resemble 

small explosions o r  bursts of vapor (see Figure IV-1.f) .  

on Figures 4 and 5 i n  Reference 1 and Figure 5.6 i n  

Reference 95. 

the growth of Taylor i n s t a b i l i t y  was observed i n  the 

experiments by Allred and Blount who noted: 

The mushrooming of the interface during 

"It seems 

reasonable to  ascribe t h i s  e f f ec t  t o  the Helmholtz 

i n s t ab i l i t y ,  i n  view of the f a c t  t ha t  the necessary 

ve loc i t ies  fo r  the production of Helmholtz i n s t a b i l i t y  

are present." 

place i n  t r ans i t i ona l  boil ing at  high heat flux densi t ies  

when l a rge  rates of evaporation occur, i , e . ,  when the 

ve loc i t ies  i n  the vapor phase are  large. This aspect 

of the problem w i l l  be analyzed i n  Chapter V I .  

A similar  e f f ec t  can be expected t o  take 

It vms observed that the geometry of the interface 

i n  t r ans i t i ona l  bo i l ing  i s  determined by the properties 

of the f lu id  f i e l d ,  

influence the %ost  dangerous" wave length W i l l  remain 

Inasmuch as the fac tors  which 

constant at a given pressure, it can be expected that, 

i n  t r ans i t i on  boil.ing, changes i n  heat t ransfer  r a t e s  
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ara  associated with changes in the frequency of bubble- 

release, i.e,, oE the vapor bursts. The cr i t ical  heat 

flux and the minimum heat flux correspond, therefore,  t o  

the maximum and the  minimum frequencies of the  8ystem. 

At a given heat f lux the process of t rans i t iona l  boiling 

can continue indefini te ly;  it i s  theref ore thermally 

etable,  

indeed, it $8 this i n s t a b i l i t y  which is the aause of 

the phenomnon* 

However, i t  is hydrodynamically unstable; 

In thilj chapter w e  have qua l i ta t ive ly  analyzed 

It the hydrodynamiu aspects of t rans i t iona l  boiling. 

was seen tha t  experimental r e s u l t s  of t rans i t iona l  

boiling can be understood and interpreted in terms of 

Taylor i n s t ab i l i t y .  

of this chapter. 

We shall summarize now the  resu l t s  

As a consequence of Taylor i n s t a b i l i t y  a 

def in i te  geometrical configuration can be 
expected in transitional boiling. 

two-dimensional system t h i s  geometry 1s 

characterized by disturbances with wave 

length i n  the spectrum. 

As a consequence of the exponential character 

of t he  i n s t a b i l i t y  it can be expected tha t  

the in te r face  takes the form of spikes of 

For a 

heavy l iqu id  moving downward and of rounded 

, .I -. -.-- r" .- - . . .. . .  -. . . . . . .. . . . .- .- .. . . .  I . ,  , - . ,  
. .  . .. . . . .  .... . . 
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regions of l i gh te r  f lufd moving upward. 

As a consequence of the  def in i te  geometrical 

configuration a release of bubbles from the 

in te r face  a t  regular interval8 can be expected. 

For large evaporation rates the release of a 

bubble will appear as a burst. 

Because of the release of vapor and of Taylor 

i n s t a b i l i t y  the process exhibi ts ,  a lso,  a 

periodici ty  i n  t h e .  

hydrodynamically unstable but thermally stable. 

The phenomenon is  

Inasmuch as the factors w h i c h  influence the 

geometry remain invariant ,  it can be expected 

' that ,  i n  t ransi t ional  boiling, changes i n  

heat t ransfer  r a t e s  are associated with 

changes i n  frequency only. The cri t ical  heat 

flux and the minimum heat f lux  correspond, 

therefore,  t o  the maximum and the minimum 

allowable frequencies of the system. 

In- the chapters which follow, the problem w i l l  

be formulated mathematically and the r e su l t s  quant i ta t ively 

compared t o  experimental data. 
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CHAPTER V 

THE MINIEIZIM HEAT FLUX DENSITY IN TRANSITIONAL BOILING 

FROM A HORIZONTAL SURFACE 

The geometrical regular i ty  and the per iodici ty  

of the process of transit ional.  boil ing wae discussed 

i n  the preceding chapter. It was noted t h a t  inasmuch 

as the geometry should remain invariant, changes of heat  

t ransfer  rate8 should be associated only with changes 

of t he  frequency of the system. The phenomenon thus 

bears a s id l a r i t y  t o  A release of bubbles from a set 

of o r i f i c e s  of fixed geometry but with a variable fre- 

quency. Although, a t  first, this s imi la r i ty  appears 

t o  be r a the r  tenuous the agreement of the detail and 

the  gross charac te r i s t ics  of the idealized system W i t h  

experimental data seems to support it. The problem is, 

therefore, t o  determine the geometry of "orifices" and 

the mavlmum and minimum frequency of the releases. 

According t o  the hypothesis, these frequencies should 

correspond t o  the  m a x i m u m  (cr i t ical)  and t o  the minimum 

heat transfep rates i n  t rans i t iona l  boi l ing from a 

horizontal surface. In this chapter we s h a l l  analyze 

the min imum heat f l u x  density; the cr i t ica l  heat f l u x  

137 
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density is taken up i n  Chnpter V I .  

V-1. Minfmum Heat Flux Density - Formulation and 

Solution oE tbe Problem 

In order t o  formulate the  problem a simplifying 

ideal izat ion m u s t  be made concerning the form of the 

vapor slugs which are released from the vapor l iquid 

interface.  

Section IV -3 )  that the dieturbed vapor l iqu id  in te r face  

Westwater and Santangelo observed (see 

breaks at the nodes. It Will. be assumed therefore in 

what follows that the vapor slugs can be approximated 

by spheres of radius 

- R =  A0 V-L 
4 

For the two dimensional thought model* i t  follows from 

Equation 

l i m i t  8 

IV-10 t h a t  the diameter i s  given within the  

* See Section IV-4  f o r  the discussion uoncerning the 
two -dimensional approximat ion. 
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The mass of vapor associated with one vapor d u g  is 

v-3 

Denoting the frequency of bubble release by f ,  the  

number of bubbles released per un i t  t i m e  is 

v-4 

where a-b is the area of i n t e re s t .  

per u n i t  area is obtained from Equation V - 4  and V-3, 

thus 

The vapor flow rate 

v-5 

The heat transfer is obtained from an energy balance. 

In t r ans i t i ona l  boil ing of l iqu ids  a t  saturat ion the 

only energy requirements of the system is the  energy 

needed t o  generate the vapor f lux density given by 

Equation V-5. 

a horizontal surface i n  t r ans i t i ona l  boiling of l iquids  

a t  saturat ion is 

Therefore the heat t ransfer  rate from 

- . ~ ,  - . . .. , . . , .., ~ 

,, ,, . , . . ,- . ..- . . . -_ ._ . .. . , . . _. . - . . . . . . .  
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V-6 

A t  a constant pressure the geometry does not change; 

Equation V-6 can be wri t ten as 

v-7 

The problem now is  t o  determine the  frequency of 

bubble release E , f o r  the minhm heat flux density. It 

was discussed i n  the preceding chapter that a t  the min- 
imum heat flw the  ratea of evaporation are low,  

consequently i n  t h i s  region small veloc i t ies  i n  the  

vapor phase can be expected. In  the absence of dynadc 

e f fec t s  of the  vapor phase, the rate of penetration of 

the  rounded vapor regions in to  the l iqu id  (see Figure 

IV-1 .c)  cannot be f a s t e r  than tha t  which i s  predicted 

by Taylor i n s t ab i l i t y .  

heat f l u x  i n  t rans i t iona l  boil ing from a horizontal 

surface, the frequency of release of bubbles from the 

vapor-liquid interface cannot be slower than tha t  which 

In  other words, a t  the d n h u m  

would be expected by considering the effect of Taylor 

i n s t a b i l i t y  only. The re la t ion  between the frequency 

of bubble re lease f ,  and the rate of penetration of the  

in te r face  d \ /dt ,  then becomes 



i -\ 

I V-8 

The above r e l a t ion  implies that bubbles follow 

one another very closely i n  a s t r i p  of width 

which extends from the heating surface in to  the l iqu id  
h o, 

(see Figure XV-1.e). 

Reference 106 confirms the va l id i ty  of t h i s  approd-  

mation. 

The photopaph on Figure 14-3 i n  

To make we of Equation V-8 we have t o  determine 

the  value d t / d t .  

and IV-2, t h a t  the growth of Taylor i n a t a b i l i t y  passes 

through several stages. 

It was discussed i n  Sections IV-1  

During the i n i t i a l  stage the 

growth rate can be predicted from the l inear ized theory, 

whereas during the f i n a l  stage the rate of growth can be 

approximated by Equation IV-9. 

frequency i n  terms of both growth rates. 

IJe shall express the 

Consider the "moet dangerous" wave length A 02. 
If the  amplitude I-&,, of the disturbance y , was known 
then Equation IV-7 could be used t o  estimate the  t i m e  

which is required f o r  the disturbance t o  reach a value 

of 1 = /I ** /2 .  This method w a ~  used by Birlchoff 

(Reference 97, Page 41) i n  analyzing the penetration of 

a disturbance. 

are not reported. 

However, i n  boiling the values of H, 

In  order t o  estimate the i n i t i a l  rate 
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of growth we shall make use of the experimental o Bser- 

vation of Lewis (94) that the amplitude increases at an 

exponential rate unti l  it reaches a value of 1 = 0.4h 
(see Section IV-2). From Equation IV-7 the rate of 

growth during the i n i t i a l  stage is given by: 

v-9 d t  - = f 7 m  

d t  

DurQng the exponential growth the disturbance 

increases from an infinitesimally mall value to  approxi- 

mately 0 , 4  A 02. 

this average disturbance I 8  

qrn  

 he average velocity corresponding to  

v-10 

Substituting Equation0 V-10 and IV-8 into Equation V-8, 

the estimated frequency of  bubble release become 
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From Equationa V-6 and V-11 the estimated minimum heat 

flux density :Ls then given by 

or 

V-13 

We sliall now use the growth rate of the final 

stage, i.e., Equation IV-9 to eotimte the frequency 

and the heat flux density. 

buoyancy in Equation IV-7 and eubstituting Equation V-1 

Including the effect of 

for the radius of curvature ro, Equation IV-9 becomes 

v-l.4 

. .  
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”he frequency i s  obtainec 

thus , 
from Equation V-14 and V-8, 

V-15 

Because of the spectrum of unstable disturbances, the 

wave length i n  the above expression can be determined 

between the l i m i t s  given by Equation IV-lo, i .e . ,  by 

Equatiom IV-4 and IV-5. 

IV-4 and IV-5 that the frequency can be determined 

within the l i d t s  

It follows from Equation V-15, 

V-16 

Consequently the period can be sstimated within the 

range 

V-17 



Equations V-4 and V-16 give the range of the 

minimum heat flux, thus 

Hence from Equations IV-4  and IV-5 it  follows t h a t  

v-19 

'Ir 

By comparing Equation V-19 t o  V-13 and Equation V-16 to 

V - 1 1 ,  it i s  seen that  they exhibit ident ica l  dependence 

upon physical properties. These equations vary only i n  

the value0 of the numerical constants; the variat ions 

being of the order of unity. We note also t h a t  the 

above equations are of the same form as those which 

have been reported i n  Reference 86 and 88. 

ones were derived by considering the s imi l a r i t y  between 

the osci l la t ions of the interface i n  t rans i t iona l  

boiling and the Faraday's criapationa, a s imi l a r i t y  

The l a t t er  
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which w a s  noted i n  Section IV-4. 

In the section which Eollowe we sha l l  compare 

theore t ica l  predictions t o  experimental data. 

V-2. The lgnimum H e a t  Flux Density - Compar%son of 

Analytical with E3cperimenta1 R e 8 t d . t ~  

In the f o l l o d n g ,  the  theore t ica l  predictions are 

compared with experimental da ta  for boi l ing  methanol 

a t  atmospheric pressure reported by Westwater and 

Santangelo (l), 

The Diameter of Bubbles a t  the Minimum Heat FLUX 
Analysis meriment 

( inche s 1 (inches) 

Equation V-2 0.2 5 D 5 0,345 0.2 5 D 5 0.36 

The Period at the Minhum H e a t  Flux 

Analysis Experiment 

(seconds (seconds 1 

E q t l A t i O t l  v-11 -e = l/f = 0.052 0.06 

Equation V-17 0,048 6 $ O.OG3 



,The M b f m u m  Heat Flux i n  Transition Boiiinq 

Analysis Experiment 

( B t u / h r  ft2) ( B t u / h r  f t2)  

Equation V-13 4 = 8740 q = 5470 

Equation V-19 5500 $ q 6 7100 

It appears from the above comparisons tha t  this 

simple idealized system exhibi ts  the detai led and 

general features  of the observed phenomenon, 

spectrum of bubble diameters as determined from exper- 

iments tends t o  support the or ig ina l  assumption 

concerning the spectrum of unstable disturbances and 

the  tapprodmation re la ted  t o  the form of the vapor 

slugs, 

heat flux density determined from the theory are i n  

close agreement with experimental data. 

description and statemnts concerning t rans i t ion  

boiling which were shown, i n  the  preceding chapter, t o  

be i n  qua l i ta t ive  agreement are a lso  i n  quant i ta t ive 

agreement with experimental data. 

The 

The frequency of bubble release and the  minhum 

Thus, the  

It should be noted that this agreement w a s  achieved 

by two dimensional considerations; further experiments 

should indicate  whether a three dimensional modification 

is necessary. Further experiments i n  t rans i t iona l  
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boiling should be performed in order to investigate, 

in detail., the growth of 8 dieturbanca during both the 

exponential stage and the final stage of penetration, 

We ehell proceed with an analyeia of the cr i t ica l  

heat flux. 



CHAPTER VI 

THE CRITICAL HEAT FLTJX IN BOILING 

FROM A HORIZONTAL SURFACE 

The region of the  cr i t ical  heat flux w a s  d~scussed  

i n  Section 111-7. 

a t  ~orne critical. veloci ty  i n  the vapor phase when the 

vapor jets s tar t  in te r fe r r ing  t d t h  each other. It w a s  

seen a h 0  t h a t  because of the  spreading of the patches 

of t r ans i t i ona l  boiling the region of the cri t ical  heat 

flux carresponda; t o  a plateau i n  the  q -AT plane. This 

region is c lear ly  shown by the experimental resu l t s  of 

Perkfns and Westwater ( 2 5 ) .  Consequently, an analysis 

of the cr i t ical  heat flux can be undertaken at  either 

end of this plateau. Because the flow configuration in 

nucleate boiling i s  not well defined, an analysis of the 

critical. heat flux performed by considering nucleate 

boiling is reduced t o  dimensional analyeis, 

i n  the preceding chapter tha t ,  because of Taylor insta- 

It was seen t h a t  the phenomenon occurs 

It w a s  seen 

b i l i t y ,  a definite geometrical configuration can be 

expected i n  t rans i t iona l  boiling, We shall make use of 

t h i s  defined geometry and analyze, therefore, the cri t ical  

heat flux by considering t rans i t iona l  boiling. 



VI-1.  The Cr i t i ca l  Heat Flux - Formulation and Solution 

of tfre Problem 

It was discussed i n  the preceding chapter t h a t  in 

t rans i t iona l  boiling a t  high flux densities the release 

of bubbles appears l i k e  vapor explos~ons.  A8 the in te r -  

face rushes toward the aurface rapid evaporation starts, 

the interface is puehed violent ly  back, and the  vapor h 

releabed i n  the farm of explosive jets (see Figura SV-X.f), 

The process is repeated i n M i n i t e l y  and, aa in "flooding", 

the whole system o s c i l l a t e s  at some character is t fa  fre- 

quency. In Section IV-4 the observation of A l l r e d  and 

Blount was quoted which related the mushraoming form of 

the interface (see Figure IV-1,f) t o  Helmholtz h 8 t a b i l -  

its, 
the cr i t ical  heat flux when, because of the large rates of 

evaporation, the veloci ty  of the vapor phase 5s large. 

A similar effect can be expected t o  take place a t  

Thus, at the cr i t ical  heat f lux the dynamic effect of tha 

vapor phase upon the motion of the interface beconem 

important. This is i n  contrast  t o  the minimum heat flux 

where t h i s  d y n d a  e f f e c t  is negligible,  Whereas the  

minimum heat f lux is characterized by Taylor i n s t a b i l i t y  

only, the critical heat flux i s  characterized by the 

combined e f f e c t s  of Taylor and Helmholtz instabi l i t ies .  

In order t o  formulate the problem it is necessary t o  

determine in w h a t  way these i n s t a b i l i t i e s  manifest 



themselves and interact. 

It was noted that the phenomenon of t rans i t iona l  

boiling, because of Taylor Ins tab i l i ty ,  bears s h d l a r i t y  

t o  a release of bubbles with var iable  frequency from a 

set of regularly spaced o r i f i ce s  of fixed geometry, 

accordance with.  the hypothesis, at  the  cri t ical  heat flux 

the  frequency reaches a m a s c i m m  and the  release resembles 

explosive vapor jets. 

are lead, therefore,  t o  consider vapor columns of width, 

In 

In v i e w  of Taylor i n s t a b i l i t y  we 

A0/2, spaced Aounits apart. In view of Helmholtz 

i n s t a b i l i t y  we have'to invest igate  the s t a b i l i t y  of such 

a jet .  

s t a b i l i t y  of a two-dimensional system i s  investigated 

again. 

In  accordance w i t h  the previous analyeis the 

Consider a coordinate system i n  which the d i rec t ion  

y is parallel  t o  the surface and z is  perpendicular t o  the  

surface, 
the vapor leaving t h e  heated surface and the f luid rushing 

toward it. 

L e t  the plane y = 0 denote an interface between 
* 

* 
For a vortex sheet which osc i l l a t e s  under the 

influence of surface tension, the propagation 

a small disturbance is  given by Lamb ( 5 0 )  and 

equation of 

Milne-Thomson 

V I - 1  

.~~ , . . , . ... . . .  . 
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The velocity in the Liquid phase is obtained from 

the continuity 

Subetituting UL from Equation V I - 2  into Equation VI-L 

the critical velocity in the vapor phase it3 then obtdned, 

thus 

It is noted that if, in a three-dimensional problem, the 

continuity equation was corrected for the areas occupied 

by the vapor and the liquid, the right hand side of 

Equation VI-3 would be multiplied by the factor 

Q L ( I ~ ~ ) . C e ~ ~ e L ( I ( ~ ~ ) .  The value of this factor ia 

unity and it is odtted therefore, 

We have to determine now the value of the wave 

number m in Equation VI-3. 
the stability of a circular gas jet in a liquid. 

Rayleigh (107) has examined 

For a 

disturbance with axial symmetry the instability occurs 

only for disturbances whose wave length is longer than 

the circumference of the jet, Thus, the critical wave 

length is given by 
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A =  2 n v  
VI-4 

where R is the radius of the jet. If the jet is t o  break 

in to  spheres, it can be expected tha t  the wave lengths 

will be of the same order of magnitude axially as circum- 

fe ren t ia l ly .  Expressing therefore the wave number rn in 

Equation VI-3 in terms of the wave length h given by 

Equation V I - 4 ,  the c r i t i c a l  vapor velocity then becomes 

VI-5 

In Appendix I, the above equation is  derfved by 

considering the s t a b i l i t y  of a circular jet. 

assumed t ha t  the radius R, of the vapor column was given 

by 

follows t ha t  

It wa8 

)\d/2; substi tuting t h i s  value i n  Equation VI-5 it 

VI-6 

The mass flow rate associated with one vapor 

column is: 



I 

154 

VI-7 

The vapor mass flow rate per unit area ie obtained from 

Equations VI-6 and VI-7 ,  thus 

VI-8 

Expressing the wave length Ad in Equation VI-8  in terms 

o f  the weve number m,, it follows that  

VI-9 

For l iqu ids  at eaturation temperature the only energy 

requirement of the  system is the energy needed to generate 

the vapor f lux  density given by Equation VI-9 .  

the critical heat flux density i n  pool boiling from a 

Therefore 

horizontal surface is 

VI-LO 



It was Been i n  Section V-2 that experimental. data 

supported the assumption concerned with the spectrum of 

unstable disturbances d v e n  by Equation V-2. 

th is  spectrum the wave number mo can be determined within 

Because of 

the range 

VI-11 

The cr i t ica l  heat flux density is determined therefore 

within the limit 8 : 

Equation V I - 1 2  can be written as 

where  

VI-13 

VI-14 
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and 

VI-15 

The algebraic mean is, therefore 

- 0, 138 VI-16 -Kr - 

A convenient average value f o r  the critical heat flux can 

be obtained 'by replacing mo in Equation VI-10 by the 

upper limit obtained from Equation VI-11, and by approxi- 

mating the numerical constant 3/ \JsTi by unity. The 

resulting equation is given by 

The value of the numerical constant in this case is: 
I 

VI-18 

In the  section which follows, the theoretical 

results will be compared with experimental data. 
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V1=2. The Critical Heat Flux - Comparison of Theoretical 
with Experimental Results 

It $8 assumed that i n  transitional boiling changes 

in heat transfer rates are aesociated With change8 of 

frequency only. 

According to this postulate and to Equation V-7, the 

following reletion should hold i n  transitional boiling: 

We shall verify this assmption first, 

VI-1; 

where the subscripts 1 and 2 refer to two different 

operating conditions. 

Westwater and Santnngelo have reported that for an 

overall temperature difference 

heat tranafer coefficient h = 164 Btu/hr ft2 OF, the 

frequency was 84 burst8 per second per inch length of tube. 

Whereas at a heat flux of q = 5470 Btu/hr ft2, the 

frequency was 22 bursts per second per inch length. 

- To = 133'F, and a 

Sub- 

stituting these values into Equation VI-19 It follows 

that 

VI-20  

22 



Aa a further check o f  the hypothesis the ratio of 

the frequencies computed from the analysis will be com- 

pared with the r a t io  of the maximum and minimum heat flux 

determined from experiments. 

The frequency of the bursts of vapor at the 

critical heat flux is obtained from the equation of con- 

tinui ty 

hence 

VI-21 

VI-22 

Substituting Equation VI-6 into Equation VI-22 and neg- 

lecting the density ratio f,+($,/fL it follows that 

VI-23 

The two frequencieo which correspond to the disturbances 

Aol and AO2 are obtained by substituting alternately 
Equation IV-4 and IV-5 into Equation VI-23, thus 

VI-24 
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VI-25 

The corresponding frequencies at the m~~ heat flux 

are given by Equation V-16; thus, after some rearrangement 

VI-2G 

VI-27 

The ratio of the frequencies of vapor release at  tha 

cr i t ica l  and minimum heat flux densitiee are then given by 

and 

1 

VI-28 

VI-29 
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The c r i t i c a l  and the tdnimurn heat flux densi t ies  

f o r  boiling mth'anol were reported by Westwater and 

Santangelo (1). 

mental values i n  Equation VI-19 the following r e su l t  i s  

obtahed  

Substi tuting the theoret ical  and experi- 

Analysis Experiment 

172000 = 31.4 
= T X T  

Equation VI-28 Ec01 = 35.3 - %it 
mol. qmin 

Equation VI129 = 20.6 
G z  

It appears from t h i s  comparison and from Equation 

VI-20 t ha t  experimental r e su l t s  tend t o  support the hqypo- 

thes i s  that i n  t rans i t iona l  boiling changes of heat 

t ransfer  are asoociatad with changes of frequency only. 

W e  a h d l  compare now the critical heat! flux densi t ies  

predicted by the theory with experimental data. 

as t h e  square root  t e r m  i n  Equations VI-12 and VI-17 is 

close t o  unity except i n  the neighborhood of the therrno- 

dynamic c r i t i c a l  s t a t e ,  it is seen t ha t  both Equations 

111-9 nnd 111-12 are  of the same form as Equation VI-12. 

The agreement of the heat t ransfer  rateo predicted by 

Inasmuch 

Equation 111-9 with experimental data was discussed i n  

Section 111-3; t h i s  agreement is shown also on Figure 111-3. 

Therefore, fo r  a comparison of the present analysis with 

experiments it suff ices  t o  compare the value of the 
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coeff ic ients  K d e t e d n e d  ana ly t ica l ly  with the values 

determined by Kutatclsrdze and Borishanskii from e x p e r h n t a .  

- Analysis Experiment 

Equation VI-13 0.12 c K 5 0,157 Kutateladze 

Equation VI47 K = 'I = 0.131 Bori s b n e k i i  

T. 

K = 0.16 
A 

ZT 
K = 0.13 

The values of the  constant K given by the theoretical, 

limit 9 . 

are indicated on Figure 111-3. 

In  Figure VI-1 the heat t ransfer  rates predicted 

by Equation V1=17 are compared with experimental data 

f o r  w a t e r  by Kazalcova (108). Another comparison with 

experimental data fo r  ethanol reported by Cichelli and 

Bonilla ( 8 2 )  is shown on Figure VI-2. 

It appears f r o m  the above comparioons that this 

simple idealized system exhibi ts  the detailed and general 

fea tures  of the phenomenon. 

that  the analysis predicts an inherent uncertainty i n  

determining the exact heat flux, 

uncertainty band is  approximately + 14%. 

the theory t ha t  a certain irreproducibilitTJ of the experi- 

mental renul ts  can be expected. 

It is in te res t ing  t o  note 

The width of t h i s  

It follows from - 

The scatter of experi- 

-. . .. . .. . , . , . , , . .  . -  . .  . 
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mental data is often reported i n  the literature. 

In  the following section the annlysis w i l l  be 

extended t o  t ranoi t ion boiling of subcooled l iqu ids .  

V I 0 3  4 The Cr i t icn l  Heat Flux i n  Pool Boiling of a 

Subcooled Liquid 

Equatiom VI-12 and VI -17  which predict  the 

cr i t ical  heat f l ux  w e r e  determined Erom s t a b i l i t y  consld- 

erations and an energy balance f o r  l iqu ids  a t  saturat ion 

temperature. 

Q basic assumption w i l l  be made: Tlie change Erom nucleate 

t o  t rans i t iona l  boiling is determined only by the hydro- 

dynamic s t a b i l i t y ;  i n  pool boil ing,  irert i n  the absence 

of a forced flow, the change occurs when the vapor f lux  

To extend the analysis t o  subcooled liquids 

a t t a ins  a given value. Therefore, i f  the l iqu id  i s  at 

saturation and the viscosi ty  i s  neglected, the heat 

transferred across the so l id  surface is  equal t o  the 

energy required f o r  the generation of that par t icu lar  

vapor maos flow. Since the s t a b i l i t y  i s  the mechanical 

aspect of t h e  problem it w i l l  be unaffected by whether the 

l iqu id  i s  subcooled or not, but W i l l  depend only on the 

me8 transport ,  However, as the heat f l u x  acrom the 

so l id  surface is determined by an energy balance it w i l l  

depend on t h e  subcooling, Therefore a l l  energy requirements 

will appear as additive terms t o  the energy needed for 

the generation of the cri t ical  vapor f l o w .  The problem .. j 
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€s reduced now to the determination of energy requirement6 

sssociated with a boiling, subcooled l iquid.  

In  t rans i t iona l  boiling the vapor-liquid in te r face  

is a t  saturat ion temperature; when the bulk l iqu id  is 

subcooled, the problem i s  to  determine the energy t rans-  

ferred from ttle. in te r face  t o  the bulk l iquid.  It was 

discussed i n  the preceding sectiono that i n  t rans i t iona l  

boi l ing  vapor is periodical ly  released from the  interface. 

Because of t h i s  release both the in te r face  and the t e m -  

perature d is t r ibu t ion  are periodical ly  renewed. 

process can be deccribed therefore by the "discontinuous 

f i l m  model" which was discussed in Section 111-8. 

assumption i s  mde  that the  ''contact time" is short  com- 

pared t o  the r a t i o  of the scale of turbulence t o  the  

in tens i ty  of turbulence, the energy w i l l  be t ransferred 

mainly by conduction. This i s  equivalent, therefore,  t o  

the assumption tha t  t h e  "depth of penetration" i s  small 

compared t o  the lfscale of turbulence." 

The 

If the 

Assuming a plane 

interface the energy problem i s  described by Equation 11-2. 

In t r ans i t i ona l  boiling t o  a given heat flux there 

corresponds a given frequency, Consequently, the  average 

heat flwt from the in te r face  t o  the bulk l iqu id  i s  given 

by Equation 111-17 (instead of Equation III-18), thus 

VI-SO 

I 
- . -  , .  ~ . .  . . . .. . . .. .. . . , , -  . . 5 -  . 
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where Z' is the period. 

equations which correspond to Equation8 11-4 and VI-30 of 

t h i s  d i sser ta t ion  w e r e  multiplied by the fac tor  b = n/2 

(see Section 11-1) i n  order to  account for  the d is tor t ion  

of the  interface.  Experimental data of Kutateladze and 

Schneidermttn (109) indicate  that th i s  correction is  not 

needed. The fac tor  b i s  omitted therefore from Equation 

In References 87 and 88 the  

VI-30, 

given by Equation VI-24, Equation VI-30 becoms 

Expressing the period i n  terms of the frequency 

V I - 3 1  

The heat t ransferred across the oolid aurface i s  obtained 

again from an energy balance, i.e, , by adding Equations 

VI-17 and VI-31. Consequently the c r i t i c a l  heat f lux  in 

subcooled, pool  boiling from a horizontal  surface i s  

given by 
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I I 

VI-33 

V I - 3 4  

In Figure V I - 3  the heat transfer pates predicted 

by Equation V I - 3 1  are compared to  the experimental data 

reported by Gunlhar and Kreith (7Y f o r  water boiling at 

atmospheric pressure from a horizontal aurfnce, A com- 

parison i s  shown also with experimental results f o r  

ammonia and carbon tetrachloride reported by Bartz (110) 

and by Ellion (‘E?). The experimental data of KutateLadze 

and Schnciderman are reported as the ratio qc.su~qc,sat. 

In order to predict this ratio we divide Equation VI-32 

by Equation VI-17, thus 
t 
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On Figures VI-4 and VI-5, Equation VI-34 is plot ted 

together with t l x  experimental data of Kutatehdze and 

Schneiderman. "lie agreermnt appeara t o  be sat isfactory.  

It should be noted tha t  the in te r face  i n  subcooled 

boiling i s  not plane, and the treatment of the interface 

as though it were a plane i t 3  introduced a6 the s imples t  

ideal izat ion.  However, it w i l l  follow that no m a t t e r  

w h a t  geometry i s  postulated, the form of the resu l t ing  

solution is unchanged and only the numerical. constant 

will be affected i n  Equation VI-33. This change w i l l  

a l t e r  each of the slopes of Figures VI-3, 4 and 5 i n  the  

same way. "Iie group KRa w i l l  a t i l l  determine the 

r e l a t ive  slopen fo r  d i f fe ren t  l iqu ids  and the retios of  

the s lopes t i i l l .  be unaffected by the numerical constant. 

The agreewnt  c h o ~ m  by Figures VI-3, 4 and 5 concerning 

absolute as w e l l  as relative slopes serves t o  ind ica te  

tha t  the conception of the process i s  proper. Similar 

remarks apply t o  the use  of a "contact time." 

As a closing renmrk we note t ha t  i n  some exper- 

iments, i n  order t o  maintain the  subcooling, the liquid 

i s  c i rcu la t ing  sLowLy. 

low, so t ha t  the process can be considered pool boiling, 

When the subcooling is  l o w ,  bubbles W i l l  depart Prom 

the in te r face  and w i l l  be removed by the c i rcu la t ing  

l iquid.  

The veloc i ty  of c i rcu la t ion  i s  

The miss of vapor is replaced by an equivalent 

. .  - . . . , - . , . .. , .. . .  -.., ._. 
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mast3 of Liquid which, LIB the bulk temperature i t 3  eubcooled, 

has to  be heated up to saturation temperature f i r a t :  before 

the evaporation can occur. 

cr i t ica l  vapor maes flow rate i a  given by 

From Equation VI-17, the 

The enthalpy change h H, of the l iquid thus becomee 

VI-37 

Because i n  the experiment8 of Gunther and Kreith and of 

Kutateladza and Schneidetman the l iquid did not ciruukata, 

Equation VI-37 wae not included i n  the energy balance, 

c 



SUMMARY AND CONCLUSIONS 

Chapter X, - A Review of Nucleate Boiling 

Tha problems of nucleation from a solid surface and 

the dynamics sf a bubble departing from the heating 

surface were considered. 

boiling and the relation between the heat f l u  density, 

The characteristics of nucleate 

the surface roughness and the l iquid superheat ternper- 

ature difference were diacu88ed. 

nucleate boiling, the heat flux density i s  not a single 

valued function of the temperature; in order to determine 

the q - T relation it is necessary to specify the char- 

acteristics of the smface. 

It wara seen that, in 

,Chapter 11.- The Problem of Bubble Growth 

The problem of bubble growth in a superheated liquid 
was discussed. 

conceptual and mathematical formulation of the problem 

as given by Boanjakovic and Jakob contain the essential 

features of the phenomenon. 

It w a ~  pointed out that the origbal 

The theory o f  Bosnjakovic and Jalcob w a s  extended to 

include the effects of .a non-uniform temperature field; 

the growth rates predicted by Equations 11-17 and 11-30 

are fn satisfactory agreement with experimental data. 
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These equation8 are not adequate for predicting the 

collapse of a bubble in subcooled boiling. 

data indicate that the collapse can be approximated by 

an isothermal process; it: can be predicted by the 

solution of Rayleigh's equation, i.e. I by Equation 11-33. 

Experimental data f o r  bubbles growing and collapsing in 

Experimental 

subcooled boiling can be approxtmnted therefore by 

considering the growth and coL1apse process separately. 

The growth and collapse equations are matched at the 

d m  bubble radius. 
If a bubble i s  suddenly introduced into a subcooled 

Liquid, or if the saturation temperaturd is suddenly 

increased (by increasing the pressure), then, idtially, 

the thickness of the thermal boundary layer is much 

smaller than the bubble radius. Under these conditions 

the bubble collapse rate is given by Equation 11-35. 

Bperimentnl data tend to indicate that the diameter 

of an active nucleating cavity can be related to the 

heat flux and superheat temperature by the simple 

relation given by Equation 11-26. 

investigations are needed to verify this relation. 

Further experbental 

Chapter 111. - Hydrodynamic Aspects of Nucleate Boiling 

The similarity between bubble formation at an 

orifice and bubble formation in nucleate boiling was 

pointed out and discussed. Using this similarity an 
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equation (Equation 111-4 or 1114) wae derived for the 

b 

product bubble diameter times frequency of bubble edesion 

i n  nucleate boiling. 

good agreement with experimental data. 

111-4 it ie poesible t o  estimate the m d m  frequency 

of bubbLe release i n  nucleate boiling. The s imi la r i ty  

also indicates  the poasibilitg of re la t ing  (by Equaldon 

111-1 or 111-6) the diameter, Dd, of a bubble departing 

from 8 heated horizontal surface t o  the radius, ro, of 

the nucleating cavity, 

be possible t o  estimate the spectrum of departing bubbles 

i n  terms of a dis t r ibu t ion  of nualeating cttvities. 

Further experiments are needed to ver i fy  t h i a  relation. 

Equation ISI-5 was shown t o  be in 
From Equation 

From auch a relation St would 

The hydrodynamic aspects of nucleate boiling and 

the region of tha critical heat flux were analyzed. 

was seen t h a t  nuoleate boiling a t  low heat flux dens i t ies  

is characterized by the presence of single bubbles; 

whereas the region o f  the cdt ica l  heat flux I s  charac- 

terized by the presence of vapor columns and large patches 

of vapoe. 

It 

The shdlarity between nucleate boiling and the 

bubbling o f  a gas from a porous plate was d2scussed. 

This eimilarfty indicated that the change from nucleate 

t o  t rans i t iona l  boiling is a hydrodynamic phenomenon 

known as '*floodingtt. It occurs when the s t a b i l i t y  of 
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two-phase f low i o  disrupted. 

existing correlations of experhenta l  data can be 

understood only i f  the critical. heat flux i s  interpreted 

as a “flood$ngt’ phenomenon. 

Chapter IV. 

It was concluded that  

Hydrodyndc Aspects of Trans i t iond  Boi1inrf 

The hydrodyndc  s t a b i l i t y  of a plane interface was 

analyzed and experimental r e s u l t s  pertaining t o  Taylor 

i n s t a b i l i t y  were discusmed. The hydrodynamic aspects of 

t rans i t iona l  boil ing were qual i ta t ive ly  analyzed and the 

phenomenon was interpreted i n  terms of Taylor ina tabf l i ty .  

It was concluded that:, as a consequence of Taylor insta- 

b i l i t y ,  a def in i te  geometrical. configuration can be 

expected In t rans i t iona l  boiling. 

this def in i te  geometrical configuration, a release o f  

bubbles occurs a t  regular intarvnls.  

pressure the factors which influence the geometry remain 

invariant. 

in heat transfer rates are associated only with changes 

in the  frequency of bubble release. The crit ical  heat 

flm and the m i n b u m  heat Elm i n  t rans i t iona l  boiling 

correspond, therefore,  t o  the myLimum and miniram 

allowable frequencies of the system. 

As a consequence of 

At a conatant 

Consequently, i n  t rans i t iona l  boiling, changes 
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Chapter V, - The Minimum Heat F ~ W K  i n  Transitional 

Boiling from a Horizontal Surface 

The dinmoters of the vapor slugs i n  t r ans i t i ona l  

boil ing w e r e  estimated by considering the cr i t ical  and 

the  "moat dangerous" wave length (Equation V-2) given by 

Taylor i n s t ab i l i t y .  It was noted tha t ,  a t  the minimum 

heat flux density, the dynamic effect of the vapor phase 

upon the motion of the interface'  is small. It w a s  con- 

cluded therefore t h a t  t k  rate of penetration of the 

vapor i n t o  the l iqu id  cannot be faster than the rate 

which would be predicted from Taylor i n s t a b i l i t y .  

this rate of penetration i s  i n i t i a l l y  exponential and 

Because 

later reaches a constant value, two equations (Equation 

V-11 and V-16) w e r e  derived for the  frequency of bubble 

release, Using the two frequencies and malcing an energy 

balance, two equations (Equation V-13 and V-19) w e r e  

derived for the  minimum heat f lux density i n  t r ans i t i ona l  

boiling, 

good agreement with experimental data. 

The theoret ical  r e s u l t s  w e r e  found t o  be i n  

Chapter VI. - The critical Heat Flux Density from a 

Horizontal Surface 

The cr i t ical  heat flux density w a s  analyzed by 

conaideriw t r ans i t i ona l  boiling. 

evaporation rates, at the cr i t ical  heat f lux,  the 

dynamic e f f e c t  of the vapor upon the motion of the  

Because of large 
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liquid-vapor interface i 8 hportant . 
formulated by considering the combined effect of Taylor 

and Helmhalta instabilitiesj 

derived whhh permit the prediction of the critical heat: 

flux density i n  pool boiling of saturated o r  subeooled 

liqtdds. The numerical. value8 of the empirical constants 

whhh appear in the Kutateladze and BorishanaMi criteria 

far the critical. heat flux are derived from the theory, 

Th0 theoretical result8 are in good agreement vdth 

effperhental, data. 

The problem was 

Analytical. axpreesione wer0 
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The S tab i l i t y  of a Circular Jet 

The s t a b i l i t y  of a cyl indrical  fluid colunm under 

the action of capi l la ry  force w a s  analyzed by Rayleigh 

(106, 111). 

inside the column, the angular frequency o f  an d a l l y  

symmetric disturbance is given by: 

Coneidering only the iner t ia  of the l iqu id  

A-1 

where p' ie the density of the f lu id  w i t h h  the colurrm; 

m is the wave number af the disturbance and R 2s the  

radius of t h e  jet. 

jet disintegrat ing in air. 

outside,  ra ther  than the f l u i d  inside,  the column is 

important, the angular frequency is given by: 

This case would correspond t o  a l iqu id  

When the i n e r t i a  of the f lu id  

189 

A-2 
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where f is the density of the surrounding medium; this 

case corresponds t o  the diaruption of a jet of air under 

water. Since the modified Besael function of the second 

kind is given by 

A-3 

it is seen that in both problems the cylindrical column 

becomes unstable when mR < 1, i.e., when the wave length 

h exceeds the circumference of 2 TT R of the jet. - 
The inertial effects of both jet and surrounding 

medim w e r s  considered by Christiansan (112, 113). When 

the densities of both fluids are taken into account the 

angular frequency is given by 

An analysis of the effects of Helmholtz instability 

upon the disintegration of a liquid jet i n  air was reported 

by Weber (114). In his paper the inertia of the j e t  only 

was taken into account, i.e., the inertia of the sur -  

rounding medium vas neglected. In what follows the 

stakdlity of a cylindrical column will be investigated 
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and the inertial effects of both nedia as well. as the 

effect of Helmholtz instability tdll be considered. 

Let  a cylindrical j o t  of radius R flow with velocity 

ut in the direction of the vertical z axis. 

superscript prime the medium inaide the jet. 

of the disturbed boundary is given by 

Denote by 

The equation 

where the disturbance 3 is of the form 

A-S 

A-6 

The problem is formulated by considering the equations of 

continuity for the two flow f i e l d s  

A-7 

A-8 

- . .. . - .. ... , . . . . .  . . - . . .~ .. . . . . 
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subject to the boundary conditions 

A-LO 

A-12 

A-13 

where l/Rc and L/Rz are the curvature in the trnneverse 

and d a l  sections respectively. From Lamb (Reference 50, 

Page 473) the m m  of  the principal curvature is 

A-14 

. 



The pressures P* and P aatisfy BernouilTits equation thust 

The solutions of Equations A-7 and A-8 which satisfy the 

kinematic cond:Ltions, i.e. 

are 

Equation8 A-9 through A-12, 

A-18 

The frequency equation is obtained by satisfying tho 

dynamic conditionn, i.e., Equations A-13 through A-16 

x93 

'? 
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We nota that for ut zs 0 ,  Equation Am19 $8 reduced t o  

Equation &=4. 
the mmoundhg liquid, &re.i  7 3 0 ,  Equation A 4 9  

reduces t o  Equation A-1; with e 
Equation A-2. 

W i t h  ut = 0 and neglecting the inertia o f  

= 0 ft reduces to 

- 
Expanding and rearranging Equation A-19 it follows 

that 

where 



The first term on the right-hand s i d e  may be called the 

mean velocity of the flow. Relative to this there are 

waves travelling with velocit ies  +C, given by - 

A-22 

We note that if the density f' 

medium i o  s m a l l .  compared to the density 

of the surrounding 
\ 

f , of the jet, 
Equation A-22 becomes 

A-23 

which i s  the equation derived by Weber. For the present 

problem the densi ty  of the j e t  f"' is much smaller than 

the denoity of the surrounding liquid; Equation A-22 can 

be simplified, thus 
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For large vducs of mR, i . e . ,  for short wave8, Equation 

A-24 becomes 

A-25 

whkh is of the 3ame form as Equation V I - 1 .  The condition 

of stabi l i ty  i s  that C shall be real. It i s  seen from 

Equation A-24 that if mR = 1 t 1 - e  motion i s  unstable for 

any vapor velacity. 

by 

The cr i t ica l  condition i s  then given 

I 

With mR = 2, Equation A-26 becomes 

which i o  of the same form as Equation V I - 5 .  

A-26 

A-27 
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