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Abstract-Criteria are derived which predict the stability of dry patches forming in thin liquid films flowing 
over a heated surface. The analysis of Hartley and Murgatroyd [l, 21, applicable to isothermal films, is 
extended to include the effects of vapor thrust and of thermocapillarity. 

Numerical evaluations are carried out that indicate the relative importance of the various effects in 
conjunction with typical heated water and liquid metal films. The results show that for liquids of high 
wettability (for example for liquid metals) the thermal effects become dominant in determining the stability 

of dry patches. 

NOMENCLATURE 

[MLTO] systems of units with H defined by 
H = ML’T-’ 

CI9 dimensionless constant ; 

CD dimensionless constant ; 

F, force per unit perimeter (MK2); 

99 acceleration due to gravity (LT- 2, ; 
h Je, latent heat of vaporization (HM- ‘) ; 
k coefficient of thermal conductivity 

(HT-‘8-‘L-‘); 

;, 
normal to interface (L) ; 
pressure (ML-‘tI-2); 

&A, 

length (L) ; 
heat flux density (HB-‘L-2); 

T, temperature (T) ; 

UJ’ velocity of liquid (LO- ‘) ; 
U ““9 vapor velocity normal to interface 

(Le-1); 

Uf”. liquid velocity normal to interface 
(Le-1); 

x7 Y, 2, coordinates (Lk 

Greek symbols 
4 angle ; 
6 aw average film thickness (L) ; 
6 629 superheated film thickness (L) ; 
4 contact angle ; 

PY density (MLe3); 

viscosity (ML-‘&‘); 
kinematic viscosity (L2T- ‘) ; 
shear stress (ML- ‘K2) ; 
surface tension (MK2); 
mass flow rate per unit perimeter 
(Me-V’). 

Subscripts 

av, average ; 
f9 liquid ; 

V, vapor ; 

W, wall ; 

s, saturation. 

1. INTRODUCI’ION 

THE APPEARANCE of large dry patches in liquid 
films flowing over surfaces heated or unheated 
have been recently observed and reported by 
several researchers [l-6 and others]. The 
appearance and the behavior of these vapor 
patches in two-phase systems with heat addition 
is important for several reasons. First, the 
sudden formation and expansion of patches 
may induce pressure pulsation and flow oscilla- 
tion in the mixture and influence thereby the 
stability of the flow. Second, the appearance of 
patches and the attendant break-up of the liquid 
film may mark a change in the flow regime from 
annular to drop flow. A change of flow regime 
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will affect not only the steady-state characteris- 
tics but it will affect also the transient response 
of the system. Finally, the appearance and the 
persistence of dry patches on the surface result 
in an abrupt decrease of the heat transfer 
coefficient and attendant overheating of the 
surface which may cause the “burnout” of the 
heated duct. 

The various possible mechanisms which may 
generate large vapor patches on a heated surface 
are discussed elsewhere [7]. The problem which 
we consider here is as follows: assume that a 
large vapor patch has been formed (by any of 
the various possible mechanisms) in a flowing, 
heated liquid film which is thereby broken up ; 
we wish to determine under what conditions 
such a liquid rupture will persist, i.e. under 
what conditions will the dry patch remain 
attached to the surface? We consider therefore 
the stability of a dry patch and we seek the value 
of the minimum flow in the liquid which is 
necessary to remove (sweep) the dry patch from 
the heating surface. 

Questions similar to those raised above were 
posed also by Hartley and Murgatroyd [l, 21 
in their analysis of dry patches forming in 
isothermal liquid films flowing over unheated 
surfaces. For this condition they derived several 
stability criteria which predict the minimum 
film thickness and minimum liquid flow rate 
recessary to maintain complete wetting of an 
unheated surface. Although these criteria were 
derived for isothermal films they were used in 
reference [4] to predict the minimum film 
thickness for the stability of a dry patch on a 
heated surface. Neither Hartley and Murga- 
troyd [l, 21 nor Hsu et al. [4] considered the 
thermal effects on the stability of a dry patch. 

In this paper we shall extend the analysis of 
Hartley and Murgatroyd [l, 21 to take into 
account the thermal effects.* These effects 
become important in liquid films flowing over 
heated surfaces because they give rise to these 

* An extension was originally put forward by the authors 

f61. 

forces: a nonuniform temperature of the inter- 
face gives rise to thermocapillary force whereas 
the evaporation at the interface gives rise to a 
vapor thrust. It will be seen that for liquid of 
high wettability (for example for liquid metals) 
the thermal effects become dominant. 

2. THE FORCE BALANCE 

Consider Fig. 1 which shows two views of a 
dry patch formed in a flowing liquid film over 
a heated plate. The geometry of the flow shown 
on this figure is similar to that considered by 
Hartley and Murgatroyd; both are identical 
with the geometry of patches shown in the 
photographs reported in reference [3]. 
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FIG. 1. Formation of a dry patch in a thin liquid film flowing 

over a heated surface. 

A uniform film of an average thickness 6,,, 
flows with a mean velocity uI. ; a dry patch with 
the vertex at point D is formed in this film. As 
the liquid approaches this vertex the film thick- 
ness changes and the flow separates. The 
geometry of liquid interface past the vertex 
point will depend on the surface forces, as well 
as on the hydrodynamic forces. With heat 
addition the liquid may also roll up to form two 
jets which become detached from the heating 
surface [3]. 



In order to evaluate whether the patch will Considering again the unit perimeter along 
remain stationary it is necessary to consider the dividing stream line we obtain from equation 
the forces acting on the interface. The exact (3) the z-component of the force per unit 
formulation of the problem requires detailed perimeter caused by the thermocapillary effect, 
information on the shape of the interface, on thus 
the dynamic effects of the surface forces, on the 
flow, on the heat transfer mechanism, etc. It 
can be expected that the result of such an 
analysis would be rather complex and difficult 
to come by. An approximate analysis, however, where s is the length of the arc and a is the angle 
can be easily performed by considering a force between the tangent to the interface and the 
balance at the stagnation point. The forces which z-axis as illustrated in Fig. 2(a). 
act at this point arise from the stagnation 
pressure, from the surface tension, from the 
nonuniform surface tension (the thermocapillary 
force) and from evaporation (the vapor thrust). 
The first two are also present in adiabatic flow 
and have already been considered [l, 23, the 
last two arise because of thermal effects and are 
present in systems with heat addition and 
vaporization. (4 

Consider the forces acting on an interfacial 
area of unit perimeter along the dividing stream 
line. On this area the stagnation pressure 
exerts a force per unit perimeter whose com- 
ponent is given by : 

&A biA b;A 

(b) 

FIG. 2. The leading edge of the liquid film. 

The force per unit perimeter due to surface (a) The true geometry. 

tension is given by : (b) The wedge approximation. 

F, = a(1 - cos e) (2) 
The vaporization at the interface gives rise 

where 8 is the contact angle. In equation (2) to a pressure given by: 
we neglected the effect of curvature in the z-x 
plane, which seems reasonable if one considers pe = P” 

-kaT/an 2 pr - pu 
(5) 

the dimensions of the patch compared to the 
thickness of the film. 

( > PUhf B Pf 

Since the temperature of the interface along 
where - kaT/an, is the heat flux density normal 

the dividing stream line may not be constant, 
to the interface. The z-component of the force 

a shear stress will be generated because of the 
per unit perimeter acting along the dividing 

nonuniform surface tension, thus 
stream line is then given by : 

au 
z=as (3) 

3M 
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The effect of the flow is to sweep the patch 
downstream whereas the other forces act in 
the opposite direction and tend to spread the 
patch upstream. For a stationary case these 
forces must be in equilibrium. It follows then 
from equations (6), (4), (2) and (1) that the 
condition for a dry patch to be stationary is 
given by : 

da” 

“S 2 
a;(y) dy = a(1 - cos 0) + s ‘Ecosads 

63 

0 0 

If the left-hand side of equation (7) is larger 
than the right-hand side the patch will be 
removed. Consequently, equation (7) gives the 
minimum liquid velocity which, under given 
conditions, can maintain complete wetting of 
the solid surface. The value of this flow can be 
evaluated if the liquid velocity distribution 
and the values of the derivatives under the 
integrals are known. These quantities can be 
determined by the simultaneous solution of the 
fluid dynamic equations for the vapor and the 
liquid together with the three energy equations : 
for the liquid, vapor and the solid. One must 
consider the solid because of the heat transfer 
process at the triple interface shown as point 
D, on Fig. 1. The dynamics and the geometry 
of the interface will be determined by the 
simultaneous solution of these equations to- 
gether with the appropriate boundary condi- 
tions. An exact solution of such a complex 
problem is not warranted for an evaluation 
of the thermal effects. In order to determine the 
firm of the solution and to estimate the effect 
of the thermocapillary force and of the vapor 
thrust one can make some reasonable assump- 
tions concerning the geometry of the interface, 
the value of the heat flux density and determine 
then the equilibrium conditions by considering 
various flow regimes, for example: laminar or 
turbulent flow in the film. Such an approach was 

adapted in this work, the results are presented 
in sections that follow. 

3. THE THERMOCAPILLARY EFFECT 

The force caused by the nonuniform surface 
tension [see equation (4)] can be evaluated if 
the variation of 0 along the dividing stream 
line is known. Since this variation is caused by 
temperature variations along the interface, we 
can write : 

aa aa aT __=-- 
as aT as' 

(8) 

Thus, the problem is reduced to determining 
the temperature gradient along the stream line 
which necessitates a knowledge of the tempera- 
ture field in the film. As noted in the preceding 
section, this field will be determined by the 
simultaneous solution of the fluid dynamic 
equations together with the energy equations 
for the fluid and the solid. For the present prob- 
lem, however, it will be assumed that the tempera- 
ture change in the liquid film is linear, thus : 

T(y) - T, = (T, - T,) . (9) 

This distribution not only considerably simpli- 
lies the problem, but it is also a realistic approxi- 
mation valid for thin films. 

In what follows we shall approximate the 
leading edge of the film by a wedge making an 
angle 19 (equal to the contact angle) with the 
heated surface [see Fig. 2(b)]. Introducing 
polar coordinates I, /I we have : 

y = r sin B, z = rcosg (10) 

whence the thickness of the superheated liquid 
film becomes : 

6, = R sin 8. (11) 

Substituting equations (11) and (10) in equa- 
tion (9), we obtain for the temperature distribu- 
tion in the wedge : 

T(r,B)- T,=(T,- K)(1 -s). (12) 
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We note that at the heated surface /I = 0 and 
T(r, 0) = 7’,‘, from equation (12); whereas along 
the interface /I = 0 and the temperature varia- 
tion becomes : 

T(r, 0) - T, = (T, - T,) 1 - f . 
( > 

(13) 

In view of these two approximations, the 
variation of surface tension can be expressed as : 

afs aa aT 
aS - aT dr 

- -(-> 8=e 
(14) 

whence from equation (13) : 

aa aoT -T &sT -T 

as’ 
_ _W = _ _-sin0 (15) 

aT R aT 6, 

which can be expressed also in terms of the heat 
flux density, thus : 

aa _ !!?Q!!i!sinf) 
%-aT k ’ (16) 

Substituting equation (16) in equation (4), 
we obtain for the thermocapillary force : 

F s = R*@sintlcosBdr 
s aT k 

(17) 

0 

which, in view of equation (ll), can be written 
as 

Equation (18) indicates that for a given 6, the 
thermocapillary force increases with increasing 
heat flux density and wettability, i.e. with 
decreasing contact angle 8. 

4. THE VAPOR-THRUST EFFECT 

In order to evaluate the effect of the vapor 
thrust given by equation (5), we note that, for 
the wedge approximation, the temperature 
gradient normal to the interface is given by : 

aT 1 aT - 
57 F ag ( > 8=e 

(19) 

which, for the temperature distribution given 
by equation (12), reduces to : 

aT 
_~(-ose= _i)jAcos~ T-T -_= 

an R sin 0 k ’ 
(20) 

Substituting equation (20) in equation (5) we 
obtain for the evaporation pressure : 

p =p 
e 

[ 1 e/A 2Pcos2e 
” p&s pf ’ 

(21) 

This pressure gives rise to a force per unit 
perimeter given by equation (6). Upon integra- 
tion it follows from equation (6) and equation 
(21) that this force can be expressed as : 

F =p 
e 

[ 1 QJA2*~cos2e 
’ pvh,, PJ ’ 

(22) 

where we have taken into account equation (11). 
With the thermocapillary and the vapor 

thrust forces given by equations (18) and (22) 
respectively, the stability criterion can be eval- 
uated if the velocity distribution appearing in 
the integral term of equation (7) is known. 
In the two sections that follow it will be assumed 
that the film is in laminar flow motivated by 
gravity and by surface shear respectively ; these 
two flow regimes specify the velocity distribu- 
tion to be used in equation (7). 

5. LAMINAR FILM MOTIVATED BY GRAi’ITY 

For a laminar film flowing under the action 
of gravity the velocity distribution is given by : 

QY) = - $ (j2 - 2y 6,). (23) 

Inserting this distribution in equation (1) we 
obtain : 

(24) 

Substituting equations (24), (22), and (18) in 
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equation (7), we obtain for the stability criterion : It follows then from equations (28) and (1) that : 

pr gAp 26a = 4 -cos@ -- 
15 [ 1 + aa &A 

p/v c 4 
aTkCOSe 

+P 
[ 1 J!!!! 2Pcos2~ o PA-cl Pr . 

(25) 
This equation predicts the minimum film thick- 
ness in laminar flow motivated by gravity 
which will permit the wetting of the entire 
surface. For Iihn thicknesses smaller than that 
given by equation (25), dry patches can be 
established on the heating surface. 

Recalling that in laminar flow the average 
film thickness is related to the 
per unit wetted perimeter r by: 

mass flow rate following expressions: ” 

(26) 
r = Pjq.d% = Pf 2 

%yj 
e 

F =!2,,2 
1 6 fmax4. (29) 

Inserting this equation in equation (7) we 
obtain for the stability criterion : 

p/ 2 41 -mse1 waAcose 
-pmu= sc - 

+E k 

+p 

[ 1 A!!!!! 2Pcos2fJ u P&g Pf . 
WI 

Since the velocity ul,_ at the interface is 
related to the surface shear t. and to r bv the 

(31) 

Equation (25) can be expressed also in terms of 
r, thus : 

+ dTkcOse + p. - 1 1 Q’A ’ @COS2 8 (27) 
P&J Pf * 

For a given fluid and for a given operating 
pressure and power density, this equation can 
be used to evaluate the minimum mass flow 
rate per unit perimeter which will permit the 
wetting of the entire surface. Alternately for 
a given r this equation predicts the maximum 
value of the power density which can be main- 
tained without establishing a stationary dry 
patch in a laminar liquid film flowing under the 
action of gravity. 

6. LAMINAR FILM MOTIVATED BY 

SURFACE SHEAR 

For a laminar film motivated by surface 
shear the velocity distribution is given by : 

uf(y)=u/_ 0 f . 

Equation (30) can be also expressed by : 

au &A 
+E k 

-c0se+p, ~ 

[ 1 
OJA 2 Sos2 e (33) 

P”hf, Pf . 

Thus equation (33) predicts either the value 
of the minimum mass flow rate or the value 
of the surface shear required to maintain a wet 
surface in laminar film flow motivated by 
surface shear. 

7. SIGNIFICANCE OF GOVERNING FORCES 

For a given fluid, heat transfer rate and flow 
regime, equation (7) or more specifically equa- 
tions (25), (27) or (33) can be used to estimate the 
minimum flow, minimum film thickness or 
minimum surface shear which will permit com- 
plete wetting of the surface. Or, alternately, for 
a given mass flow rate theseequations can be used 
to estimate the highest heat flux which can be 
attained without establishing stationary dry 
patches in the film. The results predicted by the 
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analysis have not been tested against experiments 
because quantitative data are not available yet. 
However, several observations can be made. 

By substituting equations (18) and (22) in 
equation (7), we obtain : 

a. 
Pf 
z u&) dy = ~(1 - cos ~3) 

8~ &A 

+z k 
-6,COSO 

+ p 
( > 

QIA 3 6 ~08~ e (34) 
v PL& Pf c . 

As noted before the effect of the flow, given by the 
integral in equation (34), is to sweep the dry patch 
downstream and reestablish the liquid film 
adjacent to the heating surface. The effect of 
surface wetting, thermocapillarity and of the 
vapor thrust is to spread the dry patch. The 
preceding equation can be used therefore to de- 
termine and compare the importance of the vari- 
ous effects on the speading tendency of a dry 
patch as a function of the thermodynamic pro- 
perties of the fluid and of the operating condi- 
tions of the system. For this purpose the analysis 
provides three dimensionless groups : 

The relative importance of the various effects 
on the spreading tendency of the dry patch can 
be evaluated by taking the ratio of the dimension- 
less groups, thus 

The dimensionless groups x4 and x5 compare the 
thermal to the surface wetting effect, whereas 
the relative importance of the vapor thrust to the 
thermocapillary effect is given by : 

x3 
aT o/A %ose (40) -==6=zpvp>,, Pr . 

R2 L-1 
The values of the dimensionless groups x4, 

x5 and x6 are listed in Table 1 for several condi- 
tions of practical interest employing water and 
liquid-metal films. 

Table 1 indicates the importance of the 
thermocapillary and of the vapor thrust forces 
relative to the surface wetting force. It can be 

41 - cm 0) Ic = . Surface wetting 
1 d Inertia 

(35) 

p/ 
z +_Y) dy 

0 

. Thermocapillary 

Inertia 
(36) 

(37) 
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Table 1. Importance of surface wetting and of thermal effects 

Liquid 
Saturation % 

temperature &A 6, AT equatk (38) equatYGn (39) equation (40) 

(“F) (Btu/h ft*) (in) (degF)* 8 = 10” 0 = 60” 0 = 10 0 = 60” 0 = 10” 0 = 60 

Water 212 0.5 x lo6 oQOO4 45 0.55 0.01 0.017 <OGOl 0.03 0.015 

Water 635 0.5 x lo6 oQOO4 50 3.6 0.06 0003 <O.OOl OQOl <O.OOl 

Sodium 1200 lo6 0.004 8.5 0.217 0.003 2.3 0.018 10.5 6.0 

Sodium 1700 lo6 OGO4 11 0.18 oGO3 0.1 O@Ol 0.82 o-4 

Potassium 1500 lo6 0.004 17 0.55 0.01 0.53 0.004 0.96 0.5 

* Temperature difference across film. 

seen that entirely different conclusions can be 
drawn from experiments where the surface condi- 
tions are not closely controlled. 

It can be seen either from this table or from 
equation (34) that with liquid metals or with 
other liquid of high wettability the effect of the 
surface wetting force in maintaining a dry patch 
will be small since the value of the contact angle 
8 is close to zero, i.e. (1 - cos 0) z 0. Consequent- 
ly, for these liquids whether or not a dry patch 
remains stationary will depend entirely on the 
thermal effects ; which confirms the statement 
made in the introduction concerning the im- 
portance of the thermocapillary and of the vapor 
thrust forces in a system with heat addition and 
evaporation. It can be seen also, that for large 
contact angles, i.e. when the wetting is poor, 
the surface forces will be dominant. For this 
condition a dry patch could be maintained at 
very low heat flux densities. 

Table 1 indicates also that whether or not the 
vapor thrust is important when compared to the 
thermocapillary force depends on the fluid 
properties and on the operating conditions. Thus, 
whereas for liquid metals the vapor thrust is 
equally or more imporant than the thermo- 
capillary force, the opposite is true for water. 

8. CONCLUSIONS 

(4) For liquids of poor wettability, the surface 
force is dominant in maintaining the dry 
patch. For these liquids such a patch can 
be maintained at very low heat flux 
densities. 

(1) An analysis is presented which predicts the (5) Whether or not the effect of evaporation 
conditions that will permit a dry patch to thrust is important when compared to the 

(2) 

(3) 

form and remain stationary in a liquid film 
flowing over a heated surface. 

The analysis takes into account the 
effect of the thermocapillary and of the 
vapor thrust forces as well as the effect 
of forces due to flow and to surface wetting. 
Criteria are presented, in terms of the 
thermodynamic properties of the fluid, 
which predict the minimum film thickness, 
the minimum flow rate, the minimum sur- 
face shear or the maximum heat flux den- 
sity which can be attained without estab- 
lishing a stationary dry patch in the flow- 
ing liquid film. 
The results indicate that for liquids of high 
wettability (liquid metals for example) 
the effect of the surface wetting force in 
maintaining a dry patch is small. Conse- 
quently, for these liquids, whether or not 
a dry patch remains stationary depends on 
the thermocapillary and on the vapor 
thrust forces which, in turn, depend on the 
thermodynamic properties and on the heat 
flux density. 
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effect of the thermocapillary force depends 
on the fluid properties and on the operat- 
ing conditions. Whereas for liquid metals 
the evaporation thrust is equally or more 
important than the thermocapillary force, 
the opposite is true for water. 

(6) The results of the analysis show that a sig- 
nificant error can be made in estimating the 
minimum film thickness, flow rate and 
surface shear (that can be attained without 
establishing a stationary dry patch in a 
liquid film flowing over a heated surface) 
if the thermal effects due to the thermo- 
capillary force and to the evaporation 
thrust are not taken into account. 
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R&sum&On obtient les crittres de stabilite des taches sbches qui se forment dans les films liquides minces 
s’tcoulant sur une paroi chauffee. La theorie de Hartley et Murgatroyd [l, 21, qui s’applique aux films 
isothermes, est &endue pour tenir compte des effets de la pous& de la vapeur et de la thermocapillarite. 

Les resultats des calculs numbriques montrent l’importance relative des divers effets en relation avec 
l’eau ordinaire chauffee et les films de metaux liquides trbs mouillants (par exemple, pour les metaux liquides), 

les effets thermiques deviennent preponderants pour la stabilite des taches stches. 

ZwaaamtK-Es werden Kriterien abgeleitet ftir die Stabilitlt von Trockenzonen, die sich in dtinnen 
Fhissigkeitstilmen bilden, wenn sie iiber eine beheizte Fllche fliessen. Die Analyse von Hartley und Murga- 
troyd [l, 21 fiir isotherme Filme wird auf die Einfliisse von Dampfschub und Thermokapillaritat erweitert. 

Die durchgeftihrten numerischen Auswertungen zeigen den wechselseitigen Einfluss bei typischen 
Heisswasser- und Flilssigmetalltilmen. Die Ergebnisse zeigen, dass fiir Fltlssigkeiten mit hoher Benetz- 
barkeit (zum Beispiel fiir Fltissigmetalle) die thermischen Effekte bei der Bestimmung der Stabilitlt der 

Trockenzonen dominieren. 

hUIOTaqPR- BbIBeAeHbl KpltTeplIK AJIH paWeTa J'CTOtiWiBOCTH CYXUX YVaCTKOB, B03HMKaIO- 

IIWX IIpH TfYIeHIIll WiAKO8 IIJleHKH Ha IIOBepXHOCTM HarpeBa. MeTon aHaJIki3a, pa3BMTbI# 

SapTJIH II MypraTpo#noM (1,2) IIp&lMeHItTWlbHO K Te'leHMIO I130TepMAYWZIlHX IIJIeHOK, 

OfiO6LIJeH KaCJIyvati J'WTa BJIIUIHHH~aBJIeHI1R napa l1 TepMOKaIIklJIJIHpHOCTH. 

IlpklBeReHbI 'IklCJIf?HHbIe paCWTb1, BbIHBItBLIIHe OTHOCMTWIbHJ'IO pOJIb II BKJIaA pa3JIWIHbIX 

3#+?KTOB IIpIi TeWHllA TRIIHqHbIX ITJIeHOK HarpeTOa BOnbI HHUlAKOrO MeTaJIJIa. k3JVIbTaTbI 

IIOKa:lbIBaIOT, YTO IlpI4 Te9eHHH HW~KOCTefi C BbICOKOfi CMaWlBaeMOCTbIO (HalIpMep, HCHRKMX 

MeTaJIJIOB)TepMWECKIle 3@@KTbI CTaHOBRTCR ~OMIIHMpJ'IO~&lMB IIpH OIIpt?~t5ieHMIi CTafiWIb- 

HOCTHC~XHX YYaCTKOB. 


