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Abstract-This study deals with the formation of a dry spot in a non-boiling thin film of ethanol on a 
horizontal surface upon slowly increasing the heat flux from an embedded nichrome strip. Appreciable 
thinning of the film occurred prior to rupture, and is associated with the appearance of Bdrtard-type 
convective cells. The threshold heat flux for appearance of a dry spot is greater than for disappearance, 
presumably due to contact angle hysteresis and/or the temperature gradients in the heater strip in the 
vicinity of the triple interface. A quasi-static stability analysis is given, based upon the equitibrium shape 

of a ~~-in~ni~ drop on a heated surface. 
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NOMENCLATURE 

rate of change of surface tension with 
temperature ; 
slope of the film temperature profile ; 
conversion factor ; 
thermal conductivity ; 
dimensionless ratio, defined in con- 
nection with equations (8) and (15) ; 
molecular weight ; 
heat flux ; 
radius of curvature : 
gas constant ; 
arc length; 
temperature : 
distance below the free surface at 
infinity. 

Greek symbols 

Subscripts 

.A film : 

k, 1, 
liquid interface ; 
liquid : 

S, saturation : 

angle of inclination of a tangent to the VT vapor : 

liquid surface with the horizontal ; W? wall. 

djmensionle~ quantities, equation 

(6); 
I. I~ODU~ON 

dimensionless quantities, equation THE DISRUPTION and dryout ot’ flowing thin 

(14): liquid films in contact with a heated wall is of 
central importance in connection with the 

b 

4, 

film thickness far away from a dry 
spot : 
film thickness of the curved liquid 
surface : 
accommodation coefficient ; 
contact angle : 
dimensionless vertical distance : 
latent heat of vaporization : 
density : 
surface tension : 
surface tension at zero temperature: 
dimensionless horizontal distance. 

burnout phenomenon in boiling channels and 
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above the ~turation temperature of the liquid 
at constant film flowrates [l-4], gradual de- 
crease of the liquid flowrate at a constant wall 
temperature [5-71, or quenching of electrically- 
heated tubes in a pool of liquid [SJ. 

The stability of a dry patch, once it is formed, 
has been analyzed by several investigators [9-l 31 
in order to predict the conditions under which 
the dry spot becomes stable. These criteria are 
usually obtained by a force balance in which 
the pressure force developed at the upstream 
stagnation point of the dry patch ; the thermo- 
capillary force developed as a result of the 
variation of surface tension with surface tem- 
perature and other forces are considered. 

A detailed solution of the flow and tempera- 
ture fields around the dry spot is indeed formid- 
able, and, in fact, has not yet become available. 
A simpler problem, consisting of the formation 
of a dry spot in a liquid film flowing at low 
velocities on a horizontal heated surface, is 
therefore of interest. Apart from its inherently 
greater simplicity, it is of some intrinsic impor- 
tance in its own right. For example, in fast 
reactor safety studies, the expulsion rate of 
sodium from a blocked channel depends criti- 
cally upon whether a continuous liquid film is 
left at the wall as the slug of vapor develops and 
grows, but the time scale may be so short that 
drainage of the film can be neglected. 

II. EXPERIMENTAL 

The formation of a dry spot in a non-boiling 
thin film of absolute ethyl alcohol on the surface 
of a &022 in. thick nichrome heater strip, 
embedded in a horizontal transite plate, was 
studied. The heated zone was a 1 in. x 45 in. 
rectangle whose upper surface was highly 
polished in order to prevent bubble nucleation 
during the heat transfer runs. A heavy-duty 6V 
battery was used as a power source. The voltage 
was regulated with two water-cooled rheostats 
in parailel. 

The film thickness was controlled by the 
height of an overflow tube and measured by 
means of a micrometer to within lob4 in. at 

several points along the major axis of the strip. 
The nominal tilm thickness was varied from 
0032 to 0.052 in. Because of surface tension and 
evaporation effects, a small upstream flow of 
4 cm3/min of ethanol at ambient temperature 
was supplied from a dropping funnel, corre- 
sponding to a mean film velocity of 0. I cm/s. 
The temperature of the strip was measured at 
five locations by means of spot-welded 30-gauge 
iron-constantan thermocouples. 

Film thicknesses and dry spot temperatures 
were measured under quasi-steady conditions 
upon increasing the heat llux in steps of about 
200 Btu/ft2 h. Smaller steps were used in the 
neighbourhood of incipient formation of a dry 
patch, and conversely, in the reverse process of 
rewetting the dried area. 

III. RESULTS 

Some representative results on the formation 
and disappearance of dry spots by rewetting 
the surface, for three nominal film thicknesses. 
are given in Table 1. 

Prior to the formation of a dry spot the 
liquid film at a random location on the heating 
strip started thinning, forming a recessed cir- 
cular region. As the heat flux approached the 
threshold value for formation of a dry spot a 
distinct Benard-type flow cell pattern appeared 
in the thinned region. At the threshold heat 
flux a dry spot originated as a pinhole within 
the circular, thinned region of the film. After 
reaching steady state conditions the triple inter- 
face position became stable with, however. a 
small. but noticeable, advancing and receding 
motion. 

Figure 1 gives free-hand sketches of the 
typical shape of a dry spot at two different film 
thicknesses. As the film thickness increased, 
the size of the spot increased also, covering 
almost the entire heating surface at a film 
thickness of O-052 in. 

In several runs at high heat fluxes, as the 
strip temperature exceeded the saturation tem- 
perature, the liquid started to boil from nuclea- 
tion sites in the cement that bonded the heating 
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Table 1. Efict offilm thickness on minimum heat&x for appearance and disappearance ofdry spot 

G-#&E = 173°F; Flow rate: 4 cm3/min) 

strip 
Average film thickness 

Maximum 
initial film Heat flux for around dry Fpot (in. x 103) 

Heat flux for 
strip wall temp 

thickness appearance temperature under a 
(in. x 103) (Btu/ft2 h) (“F) 

disappearance tempe;c;ture 

IJpstream Downstream 
(Btu/ft’ h) 

rewett) .g 
dry spot 

(OF‘, (“F) - , 

34 1020 124 24 18 770 125 149 
43 2080 146 30 24 1700 147 186 
52 4680 186 39 26 3ooo 186 269 

(A) (8) 

FIG. 1. Typical shapes of a stable dry spot. 
(A) O-034 in. thick film. 
(B) 0.052 in. thick film. 

strip to the transite sheet. Extremely small 
vapor bubbles, emer~n~~rom the transit~st~p 
boundary, served as flow tracers, indicating a 
transverse liquid motion towards the triple 
boundary of the dry spot. 

Table 1 shows that dry spots may occur when 
the wall temperature is below or above the liquid 
saturation point at the ambient pressure (173°F). 
In the latter case no ebullition was observed 
from the heating surface. 

The threshold heat flux required for the for- 
mation of a dry spot increased with the nominal 
film thickness, within the range studied here. 
A similar trend was noted for the threshold flux 

required for closing the dry spot. Moreover, 
the wall temperatures at closure were, within 
experimental error, the same as at rupture. On 
the other hand, the closure heat fluxes were 
roughly lower by 30 per cent than those at which 
a stable dry patch had formed, indicating a 
hysteresis effect. The marked hysteresis for 
rewetting the surface may be ascribed partly to 
contact angle hysteresis and partly to the 
increased heater wall temperature in the dry 
region. 

The maximum observed temperature of the 
bare heating strip within the dry spot appreci- 
ably exceeded the strip tem~rature in regions 
covered by liquid. A difference as high as 83°F 
was observed with 0052 in. thick films. Once 
the dry spot closed, though, the strip temperature 
decreased to a level at which the dry spot 
appeared first. 

The t~eshold heat flux for fo~ation of a 
dry spot at wall temperatures exceeding the 
saturation temperature was substantially lower 
than that reported for initiation of pool boiling 
of ethanol [15, 161. In one sense, this is not 
surprising, in view of the considerably smaller 
radii of curvature which the liquid-vapor inter- 
face must assume in order to initiate the forma- 
tion of a bubble [17]. 
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Although the effect of flow rate on the forma- 
tion of a dry spot was not investigated formally 
in this study, it became apparent that the 
threshold heat flux was quite sensitive to the 
liquid flow rate. rJpon increasing the flow rate 
from 3 to 5 ml/s the heat flux increased from 
760 to 1560 Btu/h ft’ for a 0.034 in. film. 

Representative film thickness profiles along 
the major axis of the strip at various heat flux 
levels are given in Figs. 2 and 3. The highest 
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FIG. 2. The effect of heat flux on film thickness profile. 
Initial film thicknesd+I3 in. 

heat flux in Fig. 2, represents the last observed 
level before film rupture. A pronounced thinning 
of the film, especially in the neighbourhood of 
the strip mid-point, occurred prior to rupture. 
The mechanism of this preliminary thinning is 
not clear at present. A likely explanation is the 
existence of a secondary circuIation, symmetric 
about the strip centerline, induced by the 
transverse gradients in density and surface 
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tension. Once rupture occurred, there was a 
pronounced thickening of the film upstream 
and downstream of the dry spots as might be 
expected. 

40 ( 

IO , 1 

I 2 

Axial distance, in. 

FIG. 3. The effect of heat flux on film thickness profile. 
Initial film thicknew-O.034 in. 

The apparent thickening of liquid film in the 
axial direction at normal ambient temperatures 
shown in Figs. 2 and 3 resulted from slight 
deviations from horizontal of the downstream 
end of the embedded nichrome strip. 

IV. ANALYSIS 

Despite the low average velocity head in the 
unbroken film (- 2 x 10m6 cm), the film up- 
stream of the dry spot was markedly thicker 
than downstr~m (Table 1). Viscous and inertial 
effects in the vicinity of the upstream stagnation 
point would thus seem to be of some importance. 
Nevertheless, a quasi-static analysis, based upon 
the equilibrium shape of a semi-infinite liquid 
drop on a heated horizontal surface, is in- 
structive. 

We seek an equation for the shape of the free 
surface extending from the triple interface 
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outward. This shape is approximated by con- 
sidering a semi-infinite drop resting on a 
heated horizontal wall. An analysis is given in 
the Appendix by which the liquid surface shape 
may be calculated once the wall heat flux, the 
liquid contact angle, and the liquid film thickness 
at infinity, are specified. 

calculation would incorporate the Laplace 
equation for the temperature distribution in the 
liquid, but this hardly seems to be justified, in 
view of the neglect of convective effects. 

Two assumptions are made concerning the 
liquid surface temperature, T : 

(1) q is determined by the local film thick- 
ness, ai, and the surface heat flux, 4, assuming a 
straight-line temperature distribution through 
the film. 

Equations (9) and (15) may also be con- 
sidered as criteria for the stability of dry patches 
once the contact angle is specified. Given the 
heater wall temperature and heat flux, the 
equations predict the maximum film thickness 
for which a dry patch can be supported on a 
horizontal heating surface. 

V. CONCLUSIONS 

(2) q is determined by the non-equilibrium 
surface transport equations, assuming that the 
local surface flux is equal to the local wall flux. 

Equations (9) and (15) in the Appendix were 
used to calculate the upstream and downstream 
liquid contact angles, using the data in Table 1. 
Computed contact angles, given in Table 2, for 
three typical runs appear to be reasonable, 
based upon visual observation. A direct measure 
ment at the contact angle at the periphery of an 

1. Dry patches may form during creeping 
flow of thin films of ethanol over a horizontal 
heating surface, without boiling, when the wall 
temperature is either below or above the 
liquid saturation temperature. 

2. The appearance of a dry spot is preceded 
by formation of Btnard-type convection cells, 
indicating that a thermocapillary mechanism 
may be responsible for its formation. 

3. The threshold heat flux required for the 
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Table 2. Calculated values of contact angles 

Contact angle at dry spot 

Initial film 
thickness (in. x 103) 

IJpstream Downstream 

Method I Method II I II 

34 22” 23” 17” 18” 

43 28” 30” 24” 25” 

52 37 39” 25” 26” 

irregular dry spot is not at present experimen- 
tally feasible. Note that the upstream contact 

formation of dry spots is appreciably lower than 

angle in a stable dry patch increases materially 
that for incipience of pool boiling of ethanol. 

with the strip wall temperature. 
4. Due to a hysteresis effect a dry spot closes 

It is of considerable interest to note that the 
at a heat flux which is lower by 30 per cent from 

invocation of the non-equilibrium surface trans- 
its threshold value at a given film thickness. 

port conditions gives only minor changes in 
5. Reasonable values of liquid contact angles 

the calculated contact angle. A more elaborate 
may be calculated using a quasi-static stability 
analysis of a dry spot. 
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(1) The heat flux from the solid surface is everywhere 
constant. corresponding to the limiting case of uniform 
heat flow in the solid. This is the assumption made by 
Zuber and Staub [12]. which. when coupled with straight- 
line heat flow in the liquid film, makes the difference 
between the solid and liquid surface temperatures propor- 
tional to the local film thickness. This ignores the non- 
equilibrium transport condition at the liquid surface [I41 
which must be satisfied at every point. 

(2) Alternatively. one can satisfy the surface transport 
requirement by relaxing the condition of uniform surface 
heat flux. This is clearly a more realistic assumption physi- 
cally. particularly near the singularity. We shail consider 
both cases. 

Let (X, Z)’ be the two-dimensional coordinate system, 
with the X-axis being the horizontal asymptote to the free 
liquid surface, the positive Z-axis is pointing downwards 
and intersecting the triple interface at Z = (S, (Fig. 4). The 
Gibbs equation for the equilibrium of a curved interface 

t 
L 

FIG. 4. The shape of the liquid surface near a dry spot. 



FORMATION OF A DRY SPOT IN A LIQUID FILM 

becomes in this case : which is an equation for the slope of the tangent at any 
point on the curved surface of the liquid. For tf = 1, u 
caIculated from equation (9) is the contact a&e B measured 
through the liquid. 

1841 

where u is the surface tension, and R, the radius of curvature 
of the liquid surface. 

Approximating the variation of the surface tension over 
a small temperature range by: 

c=CF*-UT (2 

and assuming a &ear variation of tem~ratnre through the 
liquid film, one has 

T= T, - b(6, - 2) (3) 

D = c, + ab(6f - 2) (4) 

where oW is the surface tension of the liquid at the wall 
temperature, T, and b = q&. 

Were (Method I), 4 is considered to be a constant, aecord- 
ing to the assumption of uniform heat flux. Noting that 

ds= -&&= _dZ= _!L% 
sin CL 

(5) 

where s is the arc length, a is the angte of inclination of the 
tangent with the horizontal, and rl = Z/Sf, and defining 
the dimensionless quantities 

Qw ab 

lJ1 = 6,%, - PJ 9c : -?* = 6/2(p,- (6) 

one obtains from equations fib (4H6): 

subject to the initial condition: a = 0 when 9 = 0. This 
leads to 

where m = y&. Finally, defining r = X/6f, 

dv 

tana=@= 

Alternativety (Method II), the heat ff ux, g, is given by : 

where I; is the local interface temperature, and 6, is the local 
film thickness. 

An approximate expression for the surface flux in non- 
equilibrium transpart, based upon the theory of absohzte 
evaporation rates, is given by (14): 

(11) 

where E is the accommodation coelbcieut, and the other 
symbots have their usuai significance. From equations (1Oj 
and (11) one obt&s, 

the equation for the interface temperature reduces to: 

Proceeding in a similar manner, and detining the dimension- 
less groups 

b, = b’S,; yW = 9 (14) 

one obtains, in place of equation (gk the formufa: 

where m’ is nor the dimensionless ratio, m’ = (7, + bty$/ 
b,y, Equation (15) leads direct& to expressions for tan u 
and for the contact angle for this case. 

FORMATION DUNE ZONE D’ASSECHEMENT DANS UN FILM LIQUIDE HORIZONTAL 
CHAUFFE PAR LE BAS 

RWCette etude coneerne la formation dune region d’ass&hement darts un Elm mince non-bouillant 
d’gthand SW une surface horizontale soumise 5 urn accroissement lent de flux thermique depuis un ruban 
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de nichrome inclus. Un amincissement appreciable du film se produit avant la rupture et est associee avec 
des cellules de convection du type Btnard. Le flux de chaleur relatif ii I’apparition du spot set est suptrieur 
j celui relatif & ta disparition. ce qui peut &tre he B un hysttrese de I’angle de contact et/au P des gradients 
de temperature dans ie ruban chauffant au voisinage du triple interface. On donne une analyse de stabilite 

quasi-statique basee sur la forme d’equilibre d’une goutte semi-infinie sur une surface chauffee 

BILDUNG VON TROCKENSTELLEN IN EINEM HORIZONTALEN, VON 
UNTEN BEHEIZTEN FLtiSSIGKEITSFILM. 

Zuaammenfass~g~Diese Untersuchung behandelt die Bildung einer Trockenstelle m einem nicht 
siedenden, diinnen Film aus AthanoI auf einer waagrechten Oberflache. Sie entsteht, wenn man die 
Heizleistung von einem eingebetteten Streifen aus Nick~lchrom langsam erhiiht. Vor dem Aufreissen 
wird der Film merkhch diinner. Dabei entstehen Benard-Konvektionszehen. Die Wlrmestromdichte, 
bei der eine Trockenstelle auftritt, ist griisser als die, bei der die Trockenstelle verschwindet. Der Grund 
ftir diese Erscheinung ist wabrscheinlich in einer Hysterese des Randwinkels und/oder in den Tempe- 
raturgradienten des Heizstreifens in der Nlhe der 3 zusammentreffenden Oberflachen zu suchen. Auf der 
Grundlage der Gleichgewichtskontur eines halbunendlichen Tropfens auf einer geheizten Oberfliiche 

OEPA3GBAHHE BMCOXIIIEI‘O YYACTKA B ~OP~3OHTA~bHO~ 
HJIEHXE ~H~ICOCTH, HAI’PERAEMOH CHHSY 

AHHOTB~ELUBJI--3~0 accneRoBaHMe CBRSaHO CO6pa30Ba~kieM cyxoro yYacTKa B nneHKe 3TauOjIa 
npIl OTCyTCTBHli KIlIIeHUR Ha rOpEi30HTWIbHOi IlOBepXHOCTIl Ilpll Me&lIeIiHOhl BO3paCTaHHn 

TennOBOfO noToKa OT aageaaHHo& HHX~~M~BO& nxatxkiubr. Hepea OT~~IB~M npok~cxo~~no 

3Haq~Te~bHOe yTOHqeH~e ITJIeHKII, CBII3aHHoe c ~OKB~eH~e~ KOH3eKT~BH~X S'ieOK THEa 

geHapf@l. ~P~T~YeCK~~ Te~~OBO~ rIOTOK, KeO6Xox~~M~~ &I'I~ ~OK~~eK~lK cyxofo ysacTKa 

n~eB~IuaeTKpHT~~eCKIl~Te~~OBO~~OTOlF,~ieO6xO~~M~~~AjrRIIC~e3HOBeHBR,Be~ORTHO,113-38 

racTepeanca yrna CMawBaKnn aJIM TeMnepaTypHblX r&QIAHeHTOB B Hal'peTOti llJfaCTI5He 

~6~1~3flTpOfiHOt IlOBepXHOCTPIpa3~eJla.npOBeJ(eH KBa3HCTaTH'JeCHMfi aHaJIYI3 yCTOi%YHBOCTH, 

OCHOBaHHblti Ha paBHOBeCHOfi $OpMe nOJIy6eCKOHeWiO~ KEUlJIH Ha IIOBepXHOCTI4 HarpeBa. 


