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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 Bénard-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 equilibrium shape
of a semi-infinite drop on a heated surface.

NOMENCLATURE

a, rate of change of surface tension with
temperature;

b, slope of the film temperature profile;

9. conversion factor ;

k, thermal conductivity;

m, dimensionless ratio, defined in con-
nection with equations (8) and (15);

M, molecular weight ;

g, heat flux;

R,, radius of curvature;

R, gas constant;

s, arc length ;

T temperature ;

Z, distance below the free surface at
infinity.

Greek symbols

a, angle of inclination of a tangent to the
liquid surface with the horizontal;

71.72. dimensionless quantities, equation
(6);

¥s» V- dimensionless quantities, equation

(14);
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o, film thickness far away from a dry
spot:

;s film thickness of the curved liquid
surface:

g, accommodation coefficient ;

0, contact angle:

1, dimensionless vertical distance;

A, latent heat of vaporization ;

o density:

o, surface tension:;

g, surface tension at zero temperature:

¢, dimensionless horizontal distance.

Subscripts

£ film:

i liquid interface:;

L 1 liquid ;

s, saturation;

v, vapor;

w wall.
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1. INTRODUCTION

THE DISRUPTION and dryout of flowing thin
liquid films in contact with a heated wall is of
central importance in connection with the
burnout phenomenon in boiling channels and
in a number of other applications. Previous
work has dealt with the formation of dry spots
due to gradual increase of the wall temperature
1835
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above the saturation temperature of the liquid
at constant film flowrates [1-4], gradual de-
crease of the liquid flowrate at a constant wall
temperature [5-7], or quenching of electrically-
heated tubes in a pool of liquid [8].

The stability of a dry patch, once it is formed,
has been analyzed by severalinvestigators [9-13]
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 ethy! alcohol on the surface
of a 0022 in. thick nichrome heater strip,
embedded in a horizontal transite plate, was
studied. The heated zone was a 1 in. x 4-5 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 parallel.

The film thickness was controlled by the
height of an overflow tube and measured by
means of a micrometer to within 107% in. at
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several points along the major axis of the strip.
The nominal film thickness was varied from
0-032 to 0-052 in. Because of surface tension and
evaporation effects, a small upstream flow of
4 cm?/min of ethanol at ambient temperature
was supplied from a dropping funnel, corre-
sponding to a mean film velocity of 0-1 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 flux in steps of about
200 Btu/ft?> 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.

IMI. 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 Bénard-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 0-052 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. Effect of film thickness on minimum heat flux for appearance and disappearance of dry spot
(T.w = 173°F; Flow rate: 4 cm®/min)

initial ilm Heat flux for Strip
thickness  appearance temperature

Average film thickness
M 3 -
around dry spot {in. x 10°) disappearance temperature

Maximum
wall temp
under a

Heat flux for Strip

aftcr

(in. x 10  (Btu/ft>h) P Upstream

Downstream

(Btu/ft* h) dry spot
rewetty .2 °F)

(°F)

34 1020 124 24
43 2080 146 30
52 4680 186 39

18 770 125 149
24 1700 147 186
26 3000 186 269

]

(8}

(a)

FiG. 1. Typical shapes of a stable dry spot.
(A) 0-034in. thick film,
(B) 0052 in. thick film,

strip to the transite sheet. Extremely small
vapor bubbles, emerging from the transite—strip
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 temperature in regions
covered by liquid. A difference as high as 83°F
was observed with (-052 in. thick films. Once
the dry spot closed, though, the strip temperature
decreased to a level at which the dry spot
appeared first.

The threshold heat flux for formation 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, 16]. 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. Upon 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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Fic. 2. The effect of heat flux on film thickness profile.
Initial film thickness—0-043 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 circulation, 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.
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Fig. 3. The effect of heat flux on film thickness profile.

Initial film thickness—0-034 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 107% c¢m), the film up-
stream of the dry spot was markedly thicker
than downstream (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.

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

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

(2) T; 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
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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.

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

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 Bénard-type convection cells,
indicating that a thermocapillary mechanism
may be responsible for its formation.

3. The threshold heat flux required for the

Table 2. Calculated values of contact angles

Contact angle at dry spot

Upstream Downstream

Initial film
thickness (in. x 10%)  Method1  Method II I 11
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
angle in a stable dry patch increases materially
with the strip wall temperature.

It is of considerable interest to note that the
invocation of the non-equilibrium surface trans-
port conditions gives only minor changes in
the calculated contact angle. A more elaborate

formation of dry spots is appreciably lower than
that for incipience of pool boiling of ethanol.

4. Due to a hysteresis effect a dry spot closes
at a heat flux which is lower by 30 per cent from
its threshold value at a given film thickness.

5. Reasonable values of liquid contact angles
may be calculated using a quasi-static stability
analysis of a dry spot.
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APPENDIX

We consider here the equation for the shape of a semi-
infinite drop on a uniformly-heated horizontal surface. The
force balance follows that given in [18], with the exception
that the variation of surface tension with temperature must
now be taken into account. To avoid the solution of the
difficult free-boundary potential problem with mixed boun-
dary conditions, we assume that the heat flow is everywhere
normal to the solid surface. This is reasonable for thin
films, except in a small region near the triple interface.
Even with this assumption, which avoids the two-dimen-
sional potential problem in the liquid. a complete solution
cannot be obtained without considering the heat flow in the
supporting solid region. Two limiting cases are possible:

(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 [14]
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 shall 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 = &, (Fig. 4}. The
Gibbs equation for the equilibrium of a curved interface

z
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:

[

(pl —wpv}gc =‘i€; (I}

where o is the surface tension, and R, the radius of corvature
of the liquid surface.

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

g = g5 —aT {2}

and assuming a linear variation of temperature through the
liquid film, one has

T=T,-b6; - 2) 3

o = 0, + ab(d, — Z} (4)
where o, is the surface tension of the liquid at the wall
temperature, T,, and b = g/k;.

Here (Method I, g is considered to be a constant, accord-
ing to the assumption of uniform heat flux. Noting that

ds= — Ryda = — —— = — ~L" (5)
Sin o

where s is the arc length, « is the angle of inclination of the
tangent with the horizontal, and n = Z/§,, and defining
the dimensionless quantities

Oy ab

=it = (6)
Yo - p) g 28 p — pog.
one obtains from equations {1}, (4}{6}:
d
U A sirmz«E {N
71+ 7l 1) dy

subject to the initial condition: « =0 when 5 = 0. This
leads to

+1 -
cesas=l+i+m Is(m+ ﬁ) (8}
FZ I 21 m+1

where m = y4/y,. Finally, defining & = X5,
1 —AVERE
1ﬂ14“1+m+ 1n(m+1 ry)
tang =31 Y2 72 m+ 1
da¢

+1 1 -
1+l+m In m+ "
72 T2 m+ 1

&
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which is an equation for the slope of the tangent at any
point on the curved surface of the liquid, For 1 =1, a
calculated from equation (9) is the contact angle # measured
through the liquid.

Alternatively (Method 1T}, the heat flux, g, is given by:

_ kL(Tw - 7;)
q= 5

(10)

where T; is the local interface temperature, and §; is the local
film thickness.

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

o [ M \pA
"‘”\/(ann)nm &

where ¢ is the accommodation coefficient, and the other
symbols have their usual significance. From equations {10)
and {11) one obtains,

(11)

T,  Aep, [ Mg, 1 A%p, [ Mg
T = —f-}- —_ < . (12
! {a k, V\2nRT, }/ 6;+ kT, 27:RTS) 12
Letting
P 3@0
" k,T,V \2xRT,
the equation for the interface temperature reduces to:
T, + ¥5.T,
T ©

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

Oy V5O

B b =Bb: =
(P — p) 9.0, Vo Y e,

one obiains, in place of equation (8}, the formula:
1+5 | —
1{m’ln(m - q)*l-?]}
bl?s . m
1 ‘o 2
- {m’z In (m - ") + my + l} (15)
¥ m 2

where m' is now the dimensionless ratio, m’ = (3, + b/
b,y Bquation {15) leads directly to expressions for tan «
and for the contact angle for this case.

V= (14)

cosoe =1+

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

Résamé—Cetie étude concerne la formation d une région d"asséchement dans un film mince non-bouillant
d’éthanol sur une surface horizontale soumise 2 un accroissement lent de flux thermigue depuis un ruban
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de nichrome inclus. Un amincissement appréciable du film se produit avant la rupture et est associée avec
des cellules de convection du type Bénard. Le flux de chaleur relatif & apparition du spot sec est supérieur
4 celui relatif 4 la disparition, ce qui peut étre lié & un hystérése de I'angle de contact et/ou 3 des gradients
de température dans le ruban chauffant au voisinage du triple interface. On donne une analyse de stabilité
quasi-statique basée sur la forme d’équilibre d’une goutte semi-infinie sur une surface chauffée,

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

Zusammenfassung—Diese Untersuchung behandelt die Bildung einer Trockenstelle in einem nicht
siedenden, déinnen Film aus Athanol auf einer waagrechten Oberfliche. Sie entsteht, wenn man die
Heizleistung von einem eingebetteten Streifen aus Nickelchrom langsam erhoht. Vor dem Aufreissen
wird der Film merklich diinner. Dabei entstehen Benard-Konvektionszellen. Die Wirmestromdichte,
bei der eine Trockenstelle auftritt, ist grosser als die, bei der die Trockenstelle verschwindet. Der Grund
fir diese Erscheinung ist wahrscheinlich in einer Hysterese des Randwinkels und/oder in den Tempe-
raturgradienten des Heizstreifens in der Néhe der 3 zusammentreffenden Oberflichen zu suchen. Auf der
Grundlage der Gleichgewichtskontur eines halbunendlichen Tropfens auf einer geheizten Oberfliche

OBPA3OBAHHUE BBICOXHIEIO YYACTKA B I'OPM3OHTAJNLHON
MJIEHKE HUJIKOCTYU, HATPEBAEMOI CHU3Y

AHHOTAIMA —ITO UCCIENOBAHNE CBA3AHO C 00pa30BAHMEM CYXOr0 yYacTKa B IJIEHKEe 5TaHOJIA
PN OTCYTCTBUM KHUIIEHUA HA TOPUBOHTAJBHON IOBEPXHOCTH NpH MENIEHHOM BO3DACTAHUM
TEHJIOBOrQ TOTOKA OT 3ajexawHolf EuXpomosolt naacruns. llepen oTpriBoM npomcxopnsio
ZHAYUTENbHOE YTOHYCHHE IJIEHKH, CBASAHHOE C TOABJIEHUEM KOHBEKTHBHHIX fYeeH THIA
Benapna. Kpuruueckuil TemaoBOH NHOTOK, HEOOXONHMBIA HiA NOABJNEHHA CYXOro y4acTHa
HPEBHINAET KPRTHIECHUH TEIUIOBOR NOTOK, HEOOXOMUMBIH [JIH UCUE3HOBEHUA , BEPOATHO, U3-33
rUcTepesuca yIiia CMAYMBAHMA MIM TEMIEDATYPHBIX TPAJMEHTOB B HATpeToff muacTine
BGamMsH TPONHON NMoBepxHOCTH pasgena. [IpoBefen KBasuCTATHYECKU aHAINE YCTONYNBOCTH,
OCHOBAHHHIN HA paBHOBecHON (opMe MONyGeCKOHEYHON KANM HA NOBEPXHOCTH HArpesa,



