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.On Liquid—_-Solid Contact in Stable Film Boiling

by

W. §. Bradfield

Introduction
" There appear to be some questions remaining cbncerning the N ‘
existence of liquid-solid contact in the ""stable" film boiling regime of

‘heat transfer. The purpose of the present note is to present experi-

mental evidence of the existence of such contacts as well as some of | Col e | .

‘the effects on heat transfer phenomena which result.
Experience has shov#n thaf liquid-solid contact can be achieved

at. stable fﬂlﬁ bdiling temperatures by any means which will induce sur- - , 1

face roughness elements to tickle the I‘iciuid—vapor interface. Observed | »

methods include mcreasing surface mﬁghnesé until éoﬂtaict is achieved;

sétting the interface into mdtion normal to the surface such that periodic . | ’

 contact is forced; subcooling the bulk liquid (or establishing forced con- k

~ vection or both) to éhin the gas layer at constant surface roughness un-

il contact results; and the use of exfernél fields such as ele_ctmstatiq

fields or pressure fields to force the liquid into contact with the surface, s
Ev:ldenée of mumentary liquld-solid contacts at temperatures

well above the normal transition tem,perature was reported in 1960 by

= Bradfield Barkdoll andByrne (11 Thepe wm quenching experiments AR
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with varying magnitudes of subcooling, At about the same time, Berenson (2]
.published the results of a steady state investigation of effects of surface .
roughness on heat flux in the transition range with saturated liquids. With.

~ these experiments as background, Bankoff and Mehra [3) constructed a

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

-~ physical assumpt‘ions concerning partial liquid-solid contact in the transi-

L 4. N

‘tion boiling regime, The result was an expression for heat flux from the

solid surface to the liquid per contact given as |
(1. V2 .
=2kt | rq | o)

| where k is the liquid thermal conductivity, t; is the liquid-solid interface

temperature, < is the liquid thermal diffusivity and T, 16 the time of
liquid-solid contact. This time was tentatively evaluated by comparison
m:ith frequency data in the transitjon boiling fange [4,5]

The present observations show that» such contacts ﬁeed not be

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

- mation as to différent types and durations of contact possible. The data

4

is taken from drdplet film boiling studies at constant surface temperature

and from quenching studies.

'_ Discussion of Experimental Studies =

Film boiling d’mpletkst;udies have the adirantage of providing
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| direct photographic access to the gas-liquid interface and so are useful

for furnishing visual evidence of liquid-solid contact, Figure 1 is a frame

from a high speed motion picture and shows stable droplet film boiling in

‘the absence of liquid-solid contact., Depicted is a 0. 150 inch distilled

‘water droplet film boiling above a pure copper plate (k = 235 Btu/ft in °F)

at a plate temperature of 580°F. The copper surface was chromed to a -

 mirror finish so that the reflection of the droplet in the surface canfbe - .

seen. The two vertical lines superimposed on the flm represent a timing
mark (left) and a voltage difference imposed across the gas layer (between
. the interface and the plate). In Figure 1 the potential gradient is zero .

Figure 2 shows a water droplet film boiling on a rough aluminum

.- plate. The liquid-solid contact can be clearly seen in the areas indicated -
: by white arrows. The mean surface tem‘pe’rature is 650°F; the ambient

pressure is atmospheric; the r. m. s. surface roughness is approximately -

70 micminches; ' Occasional mesa-like roughness of the order of a thou-
sandth of an mcﬁ., above the mean roughness height were observed. Fig-
ures 2a), b), a.nd c) were printed from the same strip of motion picture
film. The totaigllapsed time from a) to c) is 3 1/2 milliseconds. = The
liquid ﬁlament; yéttaching the droplet to the surface are evidently connec-

ted to the aluminum plate at a locally highly cooled spot on the surface.

: G . ‘
* Potential gradients as high as 50, 000 volts/inch (based on a gas

' I o
- film thickness of 0. 001 inches) were applied ‘without the occurrence of arc~

: gt o
/ing. Beyond 60, 000 volts/
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- The transient character of the attachments is also illustrated by Figure 2.
- Contact filaments migrated from point to point beneath this droplet during

- 155 milliseconds of film selected for analysis (and containing Figures 2);

nevertheless, complete disengagement never occurred. Figures a), b), c)
are typical examples of the types of attachments which were observed on a

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

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

ter although a certain preference for large roughnesses as attachment sites

{

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

- droplets in Figure 2 is due to the presence of capillary waves on the drop-

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

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

Reference (3]

It was found that the addition of solid particles (such as grit) on the
surface or in the quuid can also promote the behaviour just descnbed

The character of contact was found to vary with the degree of roughness

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

creases and then contact becomes intermittent. Figure 3 is an oscilloscppic

trace showing the variation of capacitance across the gas film as a result of

roughness induced surface waves. Intermittent shorting occurred when con-
 tact between liquid and solid was established. The shorts are indicated by

spikes extending below the base line of the regular waves on the trace. In :

‘Figure 3, the sweep speed is 0. 010 second/cm go that the entire sweep

e £ g e e e g s S 4 g oo vt g e
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. _i occupies 1/10 second. It was possible to eliminate corﬁpletely both t‘hé |
liqﬁid-eolid contact and the droplet surface waviness by feturning toa
~ heating surface of. mirror finish and using commerecial gradev distilled | | ‘
vwater. | ’ '
Even with a mirror smooth surface, however, contact can be

achieved by driving the interface against the surface, Bouncing droplets
provide one manifestation of this phenomenon. Figures 4 show the re-
“sult of hisuch a moi:ion with a 1/10th inch diameter water droplet on a mirror
- smooth chromium heated surface. The surface temperatufe is 600°F,

. Shorting of the oscilloscope trace can 'clearly be seen in Figure 4a). Due

ik to the lodation of the auxilliary lens which supefimpo ses the oscillograph
:trace on the fnotion picture film, the corresponding photograph is five

' fra.més displaced. The frame corresponding to the trace of Figure 4a)
| is shown as 4b). The attachment of the droplgt to the heating surface can .
be clearly seen. Study of the simultaneous motion pictures and oscillograph k
~ traces shows that, over many cycles, the contact is strongly correlated

with the nearest approach of the interface to the heating surface. Thus,
although some irregularity of the droplei; motion exists, liquid-solid con-

tact is nearly periodic where bouncing droplets are concerned. This would
seem to make it particularly adaptable to the type of analysis given in -
Reference (3], ' o

| This type of momentary contact was reported earliel‘[l} ina

dﬁfemﬂf context; namely, in conne@:tio@ wlth ti;e quenching of the ‘smooth

- chrome plated copper sphere (shown mFigure 5) in subcooled water. i
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However, the contact was intermittent rather than periodic and thirty or

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

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

| ~ film boiling over a gubmerged surface is to thin the vapor layer and to
suppress interfacé waves. Motion picture studies showed that as the sub-
cooling is increased, the normally wavy interface (which characterizes
lmMr quenching) gradually changed in appearance and became glassy

| smooth, Frequently associated with this glassy appearance is an oscilla-
tion of the entire interface normal to the heated surface., On a completely
submerged spherical object this takes the form of a rhythmic expansion
and contraction of the interface as a spherical shell, Further increasing

the subcooling results in intermittent and momentary contact between the

liquid and solid surface as a result of the oscillation. This is apparently

of very substantial area because for a very smooth heating surface as in
Figure 5, the resulting hydrodynamic disturbance can be detected by quite
loud "bumping'' sounds associated with the phenomenon. These hydrody-
namic disturbances are presumed to result from flash evaporation of the
liqqid as it contacts a large area of the surface.

Increasing surface' roughness actually tends to prevent this bump-

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

* ' Due to the small volume, the droplets were at'appmxiniately‘

saturatidn»températum.v R R R
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described in the preceding paragraph. With the addition of roughness,

- the bumping or intermittent contact is apparently replaced by a gradu-

ally increasing liquid-solid contact area. Figure 6 is typical of the gradu~ - g

al increase of surface contaét which was measured in quenching a chrome
plated copper hemisphere-cylinder of varying surface roughness (between
68 and 200 rms .« inches over area immersed). Such a curve results
kfmm measurements of electrical current flow from the bulk liquid to the

metal surface by way of liquid-solid contacts. The driving potential was

| less than 10 volts d.c. The origin (time zero) corresponds to 1000°F

and the nucleate boiling region is marked by the region of decreasing con-

tact area (due to the onset of bubble formation) before final extinction.

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 characteristics of the quench-

ing bath and thé immersed area of the test piece. The curve clearly shows

that liquid-solid contact oid not occur until the temperature had dropped to
roughly half the temperature at immersion. This points to the possible

existence of a eoritical ratio of roughness characteristic to gas layer thick-

‘ ness as cr%;er."ion for the onset of liquid-solid contact. There is not enough -

experirne!i{tal evidence at present to justify a general theory for heat ﬂow

enha/x}éement by continuous partxal qumd—solid contact. However, it can

i

be*’reasoned on physical grounds that heat flow enhancement should be

i describable m terms of the following dimensionless variables

L
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L (m) é_] "
Na Py cpz(tsat-tl) a ; |

where Ac area in contact with liquid;

A total area immersed.

o |

Geometrical and quenching considerations suggest that the liquid-solid : | i |
contact area can be described in terms of surface roughness by & ] l
) | SRR At

L =g - 20 , ol IAX , - (4) : ¥

A € k : : . B

max t |

where € isa maximum roughness element ; i
$o is the stable film boiling gas layer thickness; | ‘ i
hc - is a heat transfer coefficient beﬁveen liquid contacting
element and bulk liquid;
k is the roughness element thermal conductivity.

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

(or possibly a mean maximum) roughness rather than the r, m. 8. sur-

Y e AT . .

face roughness standards. Additional experiments such as that which

produced Figure 6 but instrumented additionally for heat flow are re-
quir_ed to further define equations (3) and (4).

It was mentioned above that adding roughness to a metallic éur—
face serves to reduce the tendency toward '""bumping' instabilities. How-
ever, a dramati(.’:. exception occurs if the surface is porous and wetting,

as is graphite. A description of this destructive phenomenoﬁ follows.

T WL S B S A L S o g —— vt nre . 18 b ot s n
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Many quenching experiments with graphite in subcooled water

“were performed by the writer as a result of curiosity concerning film
boiling in the presence of a reacting surface (the water gas reaction in
the case of graphite in water). For large subcooling, quite violent
transitions took place at elevated sﬁrface temperatures. On two occa-
sions the ' aquarium in which the experiments were conducted was de-
stroyed by the resulting hydrodynamic disturbance. Figure 7 shows
the. appearance of a six inch long graphite cylinder before and after
-transition-occurred. The model céntroidal temperature was 1500°F
and the bulk liquid temperature was 165°F. Figure 7a) shows stable
subcooled film boiling, The tiny bubbles in the field are suspended in
the bulk liquid in this case. Figure 7b) shows the appearance subse-
quent to extinction. A cloud of graphite particles can be seen in the
vicinity of the model. This appearance was typical of the phenomenon.
High speed motion pictux_‘:as (2300 frames per second) showed that the
transition from stable film boiling (Figure 7a)) to liquid-solid contact
(Figure Th)) occurred in less than one thousandth of a second. This
phenomenon was sufficiently explosive to destroy the apparatus on

two different occasions.

The graphite surface is rough, porous, and wetting. With
these characteristics in mind, it was reasoned that the process begins
by the occurrence of more or less uniform contact of the interface with
the surface roughness elements during one of the rigid interface

oscillations previously mentioned. Because of the surface cooling which
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results and since the surface is both wetting and porous, the liquid is

drawn by surface tension and driven by inertia deep into the surface where

intimate thermal contact with the primary heat source is established. As

~ this occurs, an explosive evaporation takes place with the consequences

just described. * Motion pictures of this phenomenon are available for

loan should anyone be interested. Towing basin experiments with qpench—
ing showed the existence of these effects also in forced convection. Veloci-
ties as high as 30 feet per second were investigated. As might be expected
(since the primary effect_ of forced convection is to thin the gas layer, aII
other conditions remaining constant), | forced c‘énvection simply causes
liquid-solid contact to occur at a higher body temperature than with free

convection,

Summary and Conclusions

It has been established that liquid-solid contact exists in the "stable"

..« film boiling regime. The contacts may be periodic (as in the case of bounc-

-ing droplets) or continuous when sufficient roughness exists.
For the case of bouncing droplets, it geems clear that the theory of
Reference [3] is ideally suited because of the periodicity of contact. Adapta-

tion requires only frequency studies of the droplets which can be easily done

* It has also beén suggested that thermal stresses‘ at 'th'_e‘ surface may be

respo'nsible.; . “‘ ; i
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- with the aid of rimtion pictures.
However, for droplets film boiling on fough surfaces and for film
f‘boiling on rough immersed surfaces, the contact is quasi-continuous
- (fluctuating about a mean) and a physical model is leés clear, The fore-
going observations suggest three barameters which are important in

liquid-solid contact at stable film boiling temperatures: the subcooling

v

’parameter Pr_ CpAt ; the ratio of (maximum surface rough-

. Pr, 6;5t
neww) to (gas layer thlfskness); and, a Biot modulus based on mean rough-
ness element characteristic geometry | h €, | . The first two regu-
late interface stability and onset of contact dﬁe to "tickling"'; the third
determines surface temperature relative to heating element "bulk" temp-
~erature in the presence of time dependent phenofnena at the solid surface
(i. e., local surface cooling)., It should I;e possible fo express an effec-
tive area ratio and resulting Nusselt number ratio in te;xns of these para-
meters to permit comparison of contact and zero contact cases.

It may become desirable to control ﬁeat-ﬂow I;y ‘controlling liquid-
solid contact in the stable film boiling regime. X so there appear to be
at least three methods available for development: i) application of ex-
ternal pressure fields: 1i) suction through heating elements; and,

iii) use of electrostatic fields. The first method has been tentatively

explored by Di Cico and Schoenhals (6] who showed that pressure pulsa-

tions enhance heat flow., The second method has beén developed by Weyner |

and Bankoff (7). The third method has been used by Markels and Durfee {§]
: in pool boiling and by the present ’author in droplet film bo’ﬂ}ing. "In all

BT
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these cases, it will be necessary to learn to avoid the destructive insta-

bilities described above if stable operation is to be achieved 4t high surface - Lo o

temperatures.
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Nomenclature { 4
A s_urface area; '
cp ’ specific heat at constant pressure; ‘ |
h heat transfer coefficient; ' f
k thermal conductivity; i , &
1 i ] ’
L characteristic length 1 B
‘Nu Nusselts number, hL/k; } ;
: 1]
. i |
Pr Prandtl number, c ks {1
. w1
FIE ]
t temperature; | j ]
Greek Symbols EE
‘ ~ MET
q thermal diffusivity; A i g
ki
S vapor layer thickness; BEil
BRI |
11 B !
e ‘roughness element characteristic dimension; 1§
T time; ] ,
1B
dynamic viscosity; B
R
1 ! ‘ ¢
Subseripts | B
1' 1
c contact; | i
i liquid-solid interface; - |
‘ ! :
L lqud; {1
; e |
| | {181
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‘Liquid-Solid Contact in the "Stable" Film Boiling Regime.
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Figure 5.




TRy

R
m&

AL

[

S R

H*ﬂ‘wuu—lhm B

T

TR ——————.

‘9 9andrd :
. 098 ~ 1
. . o8l 09! i oz| 0ol 08 09 ot 02 0
E ¥ I

L L

i

¥

]

e

- ainon

IvioL

oNITI08
3JLVITONN

-
;
1B
¥
l
|
)
w
!
11

zo,

]
1
8
1
f
+
1
b
|
I
“t

w
“
1
m

32:8 _c_toa

N ::3
ONITI08

W14 379VLS

z<m...

P

.. desLiz(oV}

'

" 4.0001=10)4

«ooEou n_:w: ou

,,zi
mz:_om Wi Tavis




.

Figure 7




