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. .. mental evidence of the existence of such cgntacts as well as some of 

the effects on heat transfer phenomena which result. . i  ... . I 
I I 

Experience has shown that liquid-solid contact can be achieved . I , -.- . --- . - I 

at stable film boiling temperatures by any means which will induce sur- . G 

, 
. .. face roughness elements to tickle the liquid-vapor interface. Observed. I 

I 

bethods include increasing surface pu&ness until contact is achieved; 
I 

' I /  

setting the interface into motion normal tQ the surface such that periodic 
i I 

I 

contact is forced; subcooling the bulk liquid (or establishing forced con- 
'. , 

vection o r  both) to thin 'the gas layer at constant surface roughness un- 

til contact results; and the use of eaterpal fields such as electrostatic 

fields o r  pressure fields to force the liquid into contact with the surface, ' : 
1. - .  . ,  7 

Evidence of maenta ry  lk#~id-sol$d contacte at temperatures . . 

well above the normal transition tem@ratyre wacr repoed in 1960 by 
I 

Bradfield, ~atkdoll, &d Byme .Thege yere quepehing experimedl 
' .  I I  _ : -  
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R ' I  I 

.LA I 
! I 

* I  I 

with varying magnitudes of subcooling, At about the same time, Berenson ' i  I 

' I  

4 

.. ,,.. .published the results ., of a steady state investigation of effects of surface . . I 

. i 
roughness on heat flux in the transition range with saturated liquids, With 

"i 1 ' 1  

these experiments as background, Bankoff and Mehra (31 copstructed a 1 i 
i I' 

I 

theory for enhanced heat flux due to surface roughness based on plausible 1 2  I 

physical assumptions concerning partial liquid-~olid contact in the transi- L , I  
, $ 1  

" ' t* ;. ..$j 
, I !  j I 

. . "C. ' 1  

'tion boiling regime. The result was aa expression for beat flux from the ' , .  I 
I , , 

\ I 
solid surface t.6 the liquid per contact given as ! ,  I . , 

12 
' I 

1 I 

(1) 
1 , l  

r 
I I . 1 

where k is the liquid thermal conductivity, ti is the liquid-solid interface . 
temperature, 4 is the liquid thermal diffusivitg and xc is the time of 

liquid-solid contact. This time was tentatively evaluated by comparison 

with frequency data in the transition boiling range c4,53 
v 

I I 

The present observations show that guch coqtacte need not be 
I 

limited to the transition boiling regime and they provide additional infor- I 

I 
I ,  

s+, . 
mation as to different types and durations of contact possible. The data 



I , '  

I 3 . ' . , 
I I 
1 '  I 

I 
direct photographic access to the gas-liquid interface and so are useful i i 

i ' . I  

for furnishing visual evidence of liquid-solid contact. Figure 1 is a f m e  , / I  1 
I .- I 

1 
Z. I 

: I t  from a high speed motion picture and shows stable droplet film boiling in 
j .. 

I 
I ,  

the absence of liquid-solid coptact, Depicted is a 0.150 inch distilled . , 

I . - 
water droplet film boiling above a pure copper plate (k = 235 ~ t u / f t  in OF) ' 

i I 

at a plate temperature of 5 8 0 ~ ~ .  The copper surface was chromed to a I i .  
I i . I 

* P I  
mi$&r finish so that the reflection of the dwplet in the mrface ca&be. ,j L : I 

: I 

> .  

seen The two vertical Iines superimposed on the f a m  represent a timing . I_ , I  
I 1  

I I 

! j ;  I mark (left) and a voltage difference imposed across the gas layer (between 
' ;  i !  I 

; I '  
the interface and the plate). In Figure 1 the potential gradient is zero*. 

/ I  
, I  

. Figure 2 shows a water droplet fam boiling on a rough aluminum - i  I 
L. 8 

plate. The liquid-solid contact can be clearly seen in the areas indicated . . ' 
t 

I: 

I 
I 

by white arrows. The mean surface temperature is 6 5 0 ~ ~ ;  the ambient . I 

pressure is atmospheric ; the r. m, s. surface mughness is approximately , 
I 

70 microinch'es. Occasional mesa-like roughness of the order of a thou- 

sandth of an inch above the mean roulrfness height were observed. Fig- I I 

I 
t 

ures Za), b), and c) were printed from the same strip of motion picture 
. 

I I 
* i' 

film, The total lapsed time from a) to c) is 3 1/2 milliseconds. The : 1 
:I. I 

I liquid filaments attaching the dpplet to the surface are evidently comec- 
I 

r: ! 

ted to the alumhum plate. at a locaIly hi@y cooled spot on the surface. 
1 .  

J t 

I 
1 

* Potential gradients as high ae 50,090 volts/inch (based on a gas '1, ! I I . 

. n  . I 

film thickness of 0.001 inchei3) were applied without the occurreace of arc* I i 

ii 1 I ' 
. ing. Beyond 60,000 ~olts/inch, breakdkm of the gss dielectric occurred. 
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1 1 :  

i ,  
/ I 1  

The transient character of the attachments is also illustrated by Figure 2. I I 
I ,  , 6 

b I 
, . Contact filaments migrated.frorn point to point beneath this droplet during 

I I ; I  j 
155 milliseconds of fiIm selected for analysis (and containing Figures 2); 1 , ,  

. , .  I ! I '  

nevertheless, complete disengagement never occurred. Figures a), b), c) 
I 
I 1 :  

are typical examples of the types of attachments which were observed on a I , I  , : t i . ,  

' I  
i 

rough surface although multiplets of each type were common. The migra- , 

tions and attachment configuration changes appeared to be random in charac- 

I 

t e r  a.lthou@ a certain preference for large mughnesses as attachment sites , 
I 

,; ' 
could be discerned as  would be expected. The distorted appearance of the 

: t , , ,  
droplets iQ Figure 2 is due to the presence of capillary waves on the drop- , I  , 

I ,  # ,  1 

let surface. The absence of a regular frequency of contact in connection : i .  j 

I 

with this phenomenon will make it difficult to analyze by the approach of 

Reference C33 

It was found t&at the addition of &lid particles (such as grit) on the ' ; ! I 
' I S  
1 I 

surface o r  in the liquid can also promote the behaviour just described. ) I  I 
L :i 8 

-.. .. i i ' 1  
The c h a ~ c t e r  of contact was found to vary with the degree of roughness , I 

I : I  

added. 'With purer water and a smoother surface, the contact area first de- 

creases and then contact becomes intermittent. Figure 3 is an oscilloscopic ' j  
i 

, I 

trace showing the variation of capacitance aqross the gas film as  a result of 
! ' 8 

I 

. roughness induced mrface waves. Intermittent shorting occurred when con- 

tact between liquid and solid wars established, The shorts are indicated by ! ' 
I . I 

i I ,  

apikes extending below the base line of the regular wave8 on the trace. fa 

Figure 8, t&e meep speed irs 0,010 second,'6m EK) that the edim sweep 
I 
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occupies 1/10 second It was possible to eliminate completely both the 

~ i ~ i d - ~ o i i d  contact and fie droplet surface waviness by returning to a 

heating wrface of m f r ~ ~ r  finish and usfng commercial grade distilled 

water. 

Even with a mirror smooth surface, however, contact can be 

achieved by driving the interface against the surface. Bowing droplets 

provide one manifestation of this phenomepon. Figures 4 show the re- 

sult of wch a motion with a lfl0th inch diameter water droplet on a mirror 

. smooth cbromiunL heated surface. The surface temperature is 6 0 0 ~ ~ .  
*? 

. a o a i n g  of the osciUoscope trace csn'clearl~~ be aeen in Figure 4a). Due 

to the location of the amilliary lens which superimposes the oscillograph 

t race  on the motipn picture film, the correspgndiag photograph fs f b e  

frames displaced The frame corresponding to the trace of Figure 4a) 

is shown a s  4b). The attachment of the dmplet to the heating surface can P 

be clearly seen. Study of the simultaneous motion pictures and osaillograph 
! 

t races  shows that, over m a y  cycles, the contact is strongly correlated 

with the nearest approach of the intpirface to the heating surface. 3'hus, 

although some irregularity of the droplei motion exists, liquid-solid con- 

t ac t  is nearly periodic where bouming droplets are concerned This wodd 

Beem to make it particularly adaptable to the type of analysis given in 
li ! 

1 -- Reference [3]. ' 

 his tgpe of momedtary contmt a a s  mprtec~ earlier[l J in a 

different context; namely, in connection with the quenching of the S X U W ~ ~  
I 

chmme plqfed copper sphere ishbwn in"~igure 5) in subcoofed water* 1 ,  

' 8  
I ' '  $ \  * \ - .  t 1 
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I )  
However, the contact was intermittent rather than periodic and thirty o r  I I I #  

* 
forty degrees of subcooling were required to produce the effect . The i : I  

" .  I ! I . /  

effect of subcooling at constant surface temperature in the case of stable + I 

' [  1 ; 

: ' film boiling over a submerged surface is to thin the vapor layer and to , i ' ;  

1 4  

suppress interface waves. Motion picture studies showed that as the sub- ' ;  
cooling is increased, the normally wavy interface (which characterizes 

laminar quenching) gradually changed in appeamce and became glassy 
, ~ 

smooth: Frequently associated with this glassy appearance is an oscilla- 
1 '  

, : I  

' .  
tion of the entire interface normal to the heated surface. On a completely 

, ;  i 
1 t ' 

submerged spherical object this takes the form of a rhythmic expansion .. I 

I 

' 1 

and contraction of the interface as a spherical shell. Further increasing Y. I 
r ' ;  I 

' ,  
I_ 8 I 

the subcooling results in intermittent and momentary contact between the * : !  i 

1 

liquid and solid surface as a result of fie oscillation. This is apparently 
1 -  1 ,  

' I  

of very substantial area because for a very 8m60t.h heating surface as in 1 I / I  

I 

. I ,  
' I  , 

Figure 5, the resulting hydrodynamic disturbance can be detected by quite 
I 

' I  ' 

1 

loud "bumping" sounds associated with the phenomenon, These hydrody- 

namic disturbances are presumed to result from flash evaporation of the . 

liquid as  it contacts a large area of the eurface. 
1 

Increasing aurface roughness actually tends to prevent this bump- 

ing phenomenon, at least for a chrome plated copper surface such as  that 
, 

1 



r 
- 1  - : !  

t .I 
> I '  

7 : ,  , I  
1 I 

, . 
described in the preceding paragraph. With the addition of roughness, 

I '  
/ I . I 

.1 2 ,  

I 

the bumping or intermittent con& is apparently replaced by a gradu- . i  

i .  r I 
I I ally increasing liquid-solid contact area. Figure 6 is typical of the gradu- : , I  
I . .  : /  i 
1 al increase of surface contact which was measured in quenching a chrome I 
I 
I 

I 
plated copper hemisphere-cylinder of varying surface roughness (between I 

0 1 

i : 
68 and 200 rms A inches over area immersed). Such a curve results I . /  I/ 

" I  
1 
1 ,  from measurements of electrical current flow from the bulk liquid to the . i I 
I ' ,  
1 I -  ' 

1 ' .  metal surface by way of liquid-solid contacts. The driving potential was ' . 1. ( 1  . 
' ! 

I .  
I .  ' 
, . 

less than 10 volts d. c. The origin (time zero) corresponds to 1 0 0 0 ~ ~  I .  
and the nucleate boiling region is marked by the region of decreasing con- 

I j  : . . : .  , i 
! 

tact area (due to the onset of bubble formation) before final extinction. F I 
c'; , 

I ..,_ i 
j .- For rough estimates, the temperature can be assumed to decrease linearly 
> " 

with time between time zero and onset of transition. The area ratio curve 

is deduced from knowledge of the resistance characterietics of the quench- , ! 1 
I . I 

' I 

ing bath and the immersed area of the test piece. The curve clearly show8 ! 
! -. 

...I 

that liquid-solid contact did not occur until the temperature had dropped to * 

C r  

roughly half the ternpetahre at immersion. This points to the possible 
' ! 

existence of a critical ratio of roughness characteristic to $as layer thick- , 

' ness as a m k o n  for the onset of liquid-solid contact. There is not emu& 
I 

i I 

experime)dtal evidence at present to justify a general theory for heat flow 

enhdement by continuous partial liquid-wlid contact, However, it can : ! 
,/ i i 

i 

3 

?. lkasoned on physical grounds that heat Bow enhanr?emest ahodd be , 
i 

describable in terms of the fallowing dimensionlees variables: : I 
. " 

' r  s 2 i 
i %. - / I  - . . . 1. I (  . -1 

, '  
I . .  . ! 

> ,  . * ,  
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where Ac area in contact with liquid; 

/ j  I 
A total area immersed. 1 I 

I I 
i , I  

Geometrical and quenching considerations suggest that the liquid-solid I I 

contact area can be described in terms of surface tougfinees by . 1 1 
,: ' 1 

[ .  1 
1 :  

A c ['-I. j ac.m] 1 . :  ' I  
- = g  9- (4) 1 , i l l  

A ' max I i ,  
1 :  % 

1 '  ! , 

I ' I 

j ;  I 
where E ma is a maximum roughness element ; 

J i  ! 
is the stable film boiling gas layer thickness; ? 

S o  ,:. 4 f I 

hc is a heat transfer coefficient between liquid contacting 

element and bulk liquid; 

k is the roughness element thermal conductivity, , 

As is indicated in its definition, B max should be based on a maximum 

(or possibly a mean maximum) roughmss rather than the r. m. s. sur- 

face roughness standards. Additional experiments such as that which 

produced Figure 6 but iytnunented additionally for heat flow are re- 

quired to further define equations (3) and (4). 

It was mentioned above that adding roughness a metallic sur- 

face serves to reduce the tendency toward '%bumping" instabilities. How- 
l !  

I 

ever, a dramatic exception occurs if the surface irs p d m s  and wee-, I ; 
' , 

as is graphite. A descr ip t i~ '~~ of tbig dastmtioe phemmnr)~~ ~&OWB. 
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P ; I  ; I 

Many quenching experiments with graphite in subcooled water 1 .  

were performed by the writer as a result of curiosity concerning film ! ,  

I 

boiling in the presence of a reacting surface (the water gas reaction in ; 1 * 

I : '  I 
the case of graphite in water). For large subcooling, quite violent : I l i  
transitions took place at elevated surface temperatures. On two occa- 

1 

sions the . aquarium in which the experiments were conducted was de- ' ' 

- .  ' i  1 
stmyed by the resulting hydrodynamic disturbance. Figure 7 shows : I  1 

I I 

1 

the appearance of a slx inch long graphite cylinder before and after 
' I 

1 
, I  ' I 

transition occurred. The model centmidal temperature was 1500'~ , :  i 
, I  I 

' i 
I 

I I 

and the bulk liquid temperature was 165'~. Figure 7a) shows stable I. I l l  1 ,: 

1 ,  
I. .. 1 j 

subcooled fflm boiling. The tiny bubbles in the field are suspended in &: i. 
1 :  I 

I 1 

the bulk liquid in this case. F i e r e  7b) shows the appearance subse- 

quent to extinction. A cloud of graphite particles can be seen in the t a I 

! 
i / I  I *  

vicinity of the model. This appearance was tgpical of the phenomenon. 
I , I  1 

1' 
/ )  

High speed motion pictures (2300 frames per second) showed that the 
-- . _f i .  , 

1 t 

transition from stable film boiling (Figure 7a)) to liquid-solid contact ! I  ' 1  
! { I  
> I 1, 

(Figure 7b)) occurred in less than one thousandth of a second. This 1 .  I 5 
? I 

I I 
I I 

phenomenon was sufficiently explosive to destroy the apparatus on 
6 1 , :  
I ' ; !  

two different occasions. I I 

1 1  

The graphite surface is rough, porous, and wetting. With 
I 

these characteristics in mind, it was reasoned that the process begins : , ;  I ,  

> I  I I  

by the occurrence of more o r  less uniform contact sf the interface with 

the surface rou&ness elements during one of the rigid interface 
1 

I 

oscitlationa previously mentioned. &cause of the surface coolfng which 
, I  I )  1 I t 

, I  

I " I t ! ' 
' I  

1 :i I 4 
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