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A, a, 
B, 
h 
C, 
Cl, 
E, 
Fr, 

:, 
HF, 
HL, 
h, 
k 
L, 
L Ht 

1, 
Ma, 

coefficients ; 

m, 

N%, 

coefficient, equation (Al); 

coefficient, defined by equation (27); 
coefficient, equation (22); 
parameter, defined by equation (17); 
specific energy ; 
Froude number, defined by equation (36); 
gravitational acceleration; 
local film thickness; 
critical film thickness at x = L,; 
film thickness at channel outlet; 
heat-transfer coefficient ; 
thermal conductivity; 
channel total length; 
combined length of the entrance and heated 
sections ; 
coefficient ; 
Marangoni number, defined by equation 
(34) ; 
parameter, defined by equation (33); 

local Nusselt number, Nu, = F ; 

pressure ; 
Prandtl number; 
volumetric flow rate per unit width; 
volumetric flow rate; 
heat-transfer rate; 
film surface radius of curvature; 
Reynolds number, defined by equation (36); 

Re,, local Reynolds number, Re, = f% ; 
P 

T 
T,, 
T w9 

4 

temperature ; 
film surface temperature; 
heating surface temperature; 
velocity in x direction ; 
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Abstract - The hydrodynamic and heat-transfer characteristics of thin liquid films flowing in a horizontal 
heated channel were investigated experimentally and analytically for the purpose of modelling film 
breakdown and dry patch formation. A physical criterion for film breakdown was formulated and 
incorporated in a model, containing one empirical parameter, that successfully predicts the critical heat flux 
for water and organic liquids for 5 i Re < 100. Equations for predicting axial film thickness profiles for both 

heated and unheated film flow were derived based on a proposed downstream boundary condition. 
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l-K average velocity in x direction; 

a, velocity in Y direction; 

x, axial distance from channel inlet ; 

Y, vertical distance from channel bottom. 

Greek letters 

a, thermal diffusivity ; 
Y, surface tension temperature gradient, 

/1, ‘da’dT’; viscosity ; 

v, kinematic viscosity ; 

P, density ; 
c, surface tension. 

Subscripts 

at, atmospheric; 

c, critical ; 
E, energy ; 
M, momentum. 

INTRODUCTION 

FLOWING thin liquid films in contact with a solid wall 
are often used to cool heated surfaces and in other 
applications that involve heat or mass transfer. When 
the applied heat flux or concentration driving force 
exceeds a critical value the film breaks down and forms 
dry patches. The exposure of the solid surface in any 
installation that employs continuous flowing films can 
reduce its effectiveness and is therefore undesirable. 

Previous work has centered mainly on the disrup- 
tion of wavy falling films due to heating [l-4] 
although the phenomenon can also occur in film flow 
over a heated horizontal surface [S]. These studies 
indicate that film breakdown is induced by thermocap- 
illary forces that develop as the heated film flows over 
vertical or horizontal surfaces. Attention has also been 
focused on the related problems of the stability of 
heated falling films [6-93 and of dry patches formed on 
heated walls [lo, 111. 

While the mechanism of the disruption of heated 
falling films is fairly well understood the problem of 
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predicting the critical heat flux-flow rate relationship 
at which the film breaks down has not yet been solved 
satisfactorily. Furthermore, a reliable criterion for film 

rupture at the critical heat flux is still lacking. 
Dry patch formation on vertical surfaces is com- 

plicated by the presence of waves. This effect was 

eliminated in the present study by considering the case 
of film breakdown in a horizontal channel geometry 
where the laminar film surface remains smooth up to 

Reynolds number of about 300. 

The aims of this experimental and theoretical in- 

vestigation were threefold. First, to seek a detailed 
mechanism of film breakdown of smooth, non-wavy 

horizontal flow. Second, to propose and formulate a 

physical criterion for film rupture. Third, to develop a 

mathematical model for predicting the critical heat 
flux. 

Elucidation of the film breakdown mechanism 

requires first that the effect of heat transfer on film flow 
be adequately understood. Consequently, this study is 

concerned with three interrelated problems : 

1. Isothermal horizontal film flow. 
2. The hydrodynamics and heat-transfer character- 

istics of flowing films heated from below. 
3. Film breakdown and dry patch formation. 

EXPERIMENTAL 

Film flow experiments were conducted under both 

isothermal and constant heat flux conditions in a 
horizontal channel shown in Fig. 1. The 11 cm wide 

channel was made of Pertenex, a thermal insulating 

plastic. The effective film flow length was 32cm and 
consisted of 3 zones: an unheated entrance section 

8 cm long, a heated section 15 cm long and a post- 
heated section. The liquid discharged from the channel 

through an inclined Pertenex spillway. 
The heating section spanned the entire channel 

width and consisted of an electrically heated copper 
plate mounted flush with the channel bottom. The 

entire Pertenex-copper surface was ground flat to a 
tolerance of JC 0.0025 cm. The channel was mounted 

on a supporting frame equipped with levelling screws. 
Distilled water was used as the main test liquid. In 

several experiments a 9 m mole/l solution of Triton-X- 
100 surfactant was used to determine the effect of 

surface tension on the characteristics of heated and 
unheated films. 

The film thickness was measured to withm 

5 x 10e3 mm by means of a micrometer needle probe 
that was mounted on a traversing mechanism. The 
position of the liquid surface was determined electri- 
cally by forming a circuit between the probe and the 

channel copper base plate that consisted of a 6 V DC 
source and a high sensitivity galvanometer in series. 
Contact between the needle tip and the liquid was 
indicated by a sharp deflection of the galvanometer. 

The results of this method compared very favorably 
with visual observations of the probe contact. 

The vertical temperature profile within the heated 

film and its surface temperature were measured by a 
BLH copper-constantan microthermocouple moun- 
ted on a micrometer. The thermocouple wires, each of 
0.0025 cm in diameter, were housed in a stainless steel 
sheath of 0.035 cm O.D. The thermocouple, no doubt. 
introduced some distortion to the flow and tempera- 
ture fields. However, due to its small size the effect was 
considered to be minimal in this case. The ther- 
mocouple error due to fin effect [22] were calculated 

and found to be negligibly small since its maximum 
immersion depth in the flowing film was 0.13 cm, hence 
practically the entire sheath length was exposed to the 
atmosphere. No additional corrections were applied to 
the thermocouple readings. The temperature measure- 
ment accuracy was within + 1°C. 

The heated film experiments were performed under 
quasi-steady state condition by increasing the power 
level at a given flow rate in a stepwise manner. After 

each power change and prior to taking any measure- 
ment, the system was given ample time to reach steady 

state, as indicated by the heating section ther- 
mocouples. Smaller power steps were used upon 
approaching the critical heat flux at which the film 

ruptured, forming a dry patch 

SUPPlY millivolt 
recorder 

FIG. 1. Experimental apparatus. (1) Heated copper plate. (2) Channel base plate. (3) Flow guiding vanes. 
(4) Channel side walls. (5) Heating element. (6) Spillway. (7) Thermocouples 



ISOTHERMAL HORIZONTAL FILM FLOW 

Isothermal laminar film flow in near-horizontal and 
horizontal channels has been investigated previously 
both experimentally and theoretically [12-161. Yet, 
the case of horizontal flow of thin films and, in 
particular, the flow characteristics at the channel 
outlet deserve further considerations. In this section 
we derive an analytical expression for predicting the 
axial film thickness profile in a horizontal channel 
based on the liquid discharge mechanism at the 
channel exit. 

The local film thickness in a horizontal channel flow 
is governed by the following differential equation : 

dH 3Qv -= (11 
dx 6 

sQz - gH3 

\ I 

where Q is the volumetric fIow rate per unit channel 
width. Equation (1) can be derived by integrating the 
equations of motion [13] or by an integral momentum 
balance [12] assuming a semi-parabolic velocity pro- 
file. Upon neglecting the inertial terms of the 
Navier-Stokes equations equation (1) reduces to [15] : 

dH 3Qv 
--p. 

dx- gH3 

The integration ofequation (1) or (2) for a channel of 
finite length, L, requires an appropriate boundary 
condition. Since in open mild-slope channel flow the 
channel outlet controls the upstream film thickness 
[17, 181 a natural choice is the film thickness at the 
channel exit, where x = L. 

(2) 
tal flow of thin films. 

Consequently, the total specific energy of the film at 
the channel exit, expressed as energy head, is thus: 

3Q2 
E=H+- 

5gH= 
+:.’ 

P9 R’ 
(4) 

The first term on the RHS is the potential specific 
energy, the second term represents the average kinetic 
specific energy 

/1 rHU2 \ 
A variety of boundary conditions at the channel 

outlet have been proposed in the past based on 
theoretical [13, 191 and empirical [12, 15, 161 con- 
siderations. None of these was found to be adequate in 
this investigation. 

Before formulating an appropriate physical boun- 
dary condition it is instructive first to analyse equation 
(1) for the purpose of defining the possible modes of 
flow in the channel. 

The first term in the denominator of the RHS of 
equation (1) represents the inertial force whereas the 
second term accounts for the gravity force. Equating 
the denominator to zero results in a critical film 
thickness 
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worthwhile noting that the expression for Hc,M was 
derived from the momentum equation. 

In dealing with open channel flow it is commonly 
accepted that the liquid attains a minimum energy at 
the channel exit cross-section [17,18]. Consequently, 
the required boundary condition may be derived on 
the basis of minimum energy considerations. 

If the film specific energy is taken as the sum of its 
kinetic and potential energy, then its minimi~tion 
with respect to the local film thickness, H, yields a film 
thickness which is identical to H,, M given by equation 
(3). Gollan and Sideman[13] suggested that the 
minimum-energy film thickness be used as a boundary 
condition at the downstream edge of near-horizontal 
channels. However, film thickness data of this in- 
vestigation and others[l4,16] for thin films have 
indicated that H,,, is much smaller than the experi- 
mental values at the horizontal channel outlet and that 
surface tension has a noticeable effect on the film 
thickness at this cross-section. Indeed, large film 
curvatures were observed at the downstream edge of 
the channel. Consequently, the film surface energy is 
an important component of the total film energy at the 
outlet section and should not be neglected in horizon- 

and the last term is the specific surface energy. R is the 
film surface radius of curvature measured through the 
liquid. 

which is characterized by an infinite film thickness 
gradient, namely (dH/dx) + co. Such a condition 
defines the critical flow mode which usually occurs at 
the channel outlet. In the case where H > He,M the film 
thickness decreases in the downstream direction and 
the flow is termed subcritical. This is the normal mode 
of horizontal film flow since H,, M is quite small for 
laminar flow. If H < H, M the film thickness increases 
in the flow direction and the flow is supercritical. Such 
a mode is characteristic of hydraulic iumn F171. It is 

The free surface curvature in the axial direction may 
be adequately approximated by 

1 d2H __= -- 
R dx2 (5) 

that in conjunction with equation (2) yields: 

1 27QZv2 
-=gZH7. R (6) 

Comb~ing equations (4) and (6) and setting dE/dH 
at the channef outlet to be zero results in 

1 f5Q2 -- 5g H,y; - 189at 2y2 H;; = 0 
PS ’ 

(7) 

where H,,E is the critical film thickness based on 
energy considerations. Although Hc,E is given im- 
plicitly it can easily be solved for numerically. 

Equation (1) can now be integrated using the 
boundary condition 

” 1L.J H=%E =HL atx=L. (8) 
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c, Distilled water 

Re =I91 l ’ Surfoctani 

2 ,. 1 - Theoretical 

FIG. 2. Isothermal film thickness profiles. Distilled water and 
surfactant solution. 

to yield: 

;(H4 - H4,) - y- (H - H,,) = 3Qv(L- x). (9) 

E 

,,. 
0 
x 
I 

Equation (9) in conjunction with (7) was used to 
predict the axial film thickness profile for laminar 
horizontal channel flow. 

The predicted film thickness profile was compared 

with experimental data for distilled water, a surfactant 
solution and a variety of organic liquids [ 161 over the 

range 10 I Re < 300. Typical results are shown in 

Figs. 2 and 3. The agreement between the predicted 
and observed values is very good for Re < 150 and the 
average deviation is less than &- 5%. Equation (9) 

underpredicts the film thickness for Re > 150 but the 
deviations do not exceed 10%. 

Ethanol [16] 
n-octane [I61 

- Theoreflcal 

I 

0 02 04 06 08 10 

X/L 

FIG. 3. Isothermal film thickness profiles. Organic liquids. 

FILM FLOW IN A HEATED 
HORIZONTAL CHANNEL 

This section deals with the effect of heat transfer on 

the axial film thickness profile. Consider the case 
where a thin liquid film is flowing in laminar steady 

flow over a horizontal channel that is heated uni- 
formly. The governing equations are as follows : 

Continuity : 

.I udy = GH = Q 
0 

Momentum, in the axial direction. 

Momentum, in the vertical direction : 

CP 

(!y 
= - l’H (12) 

where y is a vertical coordinate measured from the 
bottom of the channel. 

The boundary conditions are: 

U = 1’ = 0 at J = 0 (131 

au da da dTy 
p ~~, ZZ dx = dr. .du at J‘ = H. f.14) 

Equation (14) equates the viscous shear stress with the 
tangential component of the thermocapillary force. 

In addition, the capillary pressure at the curved 

liquid surface is given by : 

The solution of equations (to)-(12) is given in the 
Appendix. The resulting differential equation for the 
film thickness profile is : 

dH 
3Qv + ; C‘,vH’ 

dx 6 
(161 

JQ’ + ;!!+ _ yH3 + ;; H4 

where Ci is defined as 

(17) 

and 1’ is the absolute value of the surface tenston 
temperature gradient. 

A simplified version of equation (16) may be ob- 
tained by neglecting the inertia1 terms in equation (1 l), 
namely : 

3 

dH 
3Qv + 2 CivH2 

dx= lJH” 
(18) 

It is interesting to note that equation (18) is identical to 
the one derived by Yih [20] for the case of the flow of a 
horizontal thin liquid film that is induced by longitu- 
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FIG. 4. Experimental film surface temperature profiles. 

dinal variation of surface tension. 
Equation (16) can be solved for the heated film 

thickness profile provided that the film surface tem- 
perature is known. Theoretical evaluation of the 
surface temperature profile of a heated horizontal film 
with variable thickness is by no means a simple 
probfem as can be judged from the analysis of a simpler 
case of a heated falling film in laminar flow [21]. This 
difficulty was circumvented in the present investi- 
gation by evaluating the film surface temperature 
ex~imentally. Consequently, equation (16) can be 
applied to the three zones of the experimental channel : 
(1) the unheated entrance section, where the film is 
isothermal; (2) the heated section, where the surface 
temperature increases in the downstream direction ; (3) 
the post-heated section, where the surface temperature 
decreases due to heat losses to the surrounding. 

Equation (16) was solved numerically over the 
entire channel length using the experimental surface 
temperature data and the downstream boundary 
condition, equations (7) and (8). Some typical surface 
temperature profiles are shown in Fig. 4. Predicted film 
thickness profiles over the entire channel are com- 
pared with measured profiles in Fig. 5. Considering the 
difficulty in evaluating the axial surface temperature 
gradient the agreement over the heated section is quite 
good. Deviations occur mainly at both ends of the 
channel but do not exceed k 15%. 

In as much as equation (16) applies to non- 
evaporating films the extent of the evaporation of 
water films in the heated channel was checked by 
measuring the flow rates at the channel inlet and outlet 
at the highest heat flux, i.e. the critical heat flux, 
Evaporation losses, defined as the relative decrease of 
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FIG. 5. Heated film thickness profiles. 

the inlet flow rate, ranged from 0.5 to 6.3 % indicating 
that their effect on the film thickness was small enough 
to be neglected. 

FILM BREAKDOWN AND DRY PATCH FORMATION 

Heating has a marked effect on the film thickness 
profile relative to isothermal flow, as can be judged 
from Fig. 6. At a given flow rate the heated film 
becomes thicker in the upstream section and thins 
down rapidly as it approaches the downstream edge of 
the heating surface. The phenomenon becomes more 
pronounced as the heat flux is increased. Eventually, 
when the heat flux attains a critical value the film 

Q=O.92 x 10~: m’/s 

0084 

l I .40 

A I .84 Critical flux 

I I- Heated section ----I 

0 0.2 04 06 08 IO 

X/L 

FIG. 6. Effect of applied heat flux on film thickness profile. 
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ruptures. Thus, heated horizontal films are characte- 
rized by larger film thickness gradients and exhibit a 
concave interface near the exit from the heating 
section. 

In this section some visual observations pertaining 
to film breakdown will be presented, a film rupture 
mechanism will be proposed, a criterion for film 
breakdown will be formulated and a model for predict- 
ing the critical heat flux will be presented. 

VISUAL OBSERVATIONS 

At near-critical heat fluxes, but prior to film break- 
down, some strong disturbances appear on the film 
surface near the outlet of the heated section. Con- 
sequently, the locally thinned film becomes unstahle 
and any slight disturbance will cause its breakdown. 
Thus, either a “premature” or “delayed” breakdown 
can occur depending upon the extent of small uncon- 
trollable disturbances. The critical heat flux at which a 
spontaneous breakdown occurs is thus hard to repro- 
duce and deviations up to i lop/, from an average 
value may be expected. 

Film rupture and dry patch formation always occur 
at the downstream edge of the heated section. The first 
patch appears usually near one of the channel side 
walls followed by additional patches that form at 
random locations along the edge. The patches are 
relatively small, maintain a constant size and are 
confined to the heating surface only. As the heat flux is 
increased beyond the critical value the patches grow in 
size and extend into the post-heated section. 

FILM BREAKDOWN MECHANISM 

For the purpose of analyzing the conditions leading 
to film rupture it is instructive to consider the forces 

acting on the liquid film as it flows over the heating 
surface. These forces include : inertial, gravitational 
and surface forces. The surface force consists of two 
components: one due to axial variation of surface 
tension, or thermocapillary shear stress, and one due 
to local changes of film curvature that result in 
capillary pressure force acting along the film surface. 

Inertial and gravitational forces tend to stabilize the 
film while thermocapillary shear may lead to him 
instability. In addition, if large curvature changes 
occur in the longitudinal direction the effect of capil- 
lary pressure difference can become important and 
might enhance the instability. The proposed me- 
chanism for film breakdown due to surface forces is 
illustrated schematically in Fig. 7. 

The critical region that affects the film instability is 
the downstream edge of the heated section. As the 
heated film flows past this cross-section it begins to 
cool off, as indicated by Fig. 4. The reversal of the 
surface temperature gradient directly affects the ther- 
mocapillary force direction and hence the film surface 
curvature. 

Over the heated section, where the surface tempera- 
ture gradient is positive, the thermocapillary force 
opposes the flow. Consequently, the film accelerates 
more rapidly relative to the isothermal flow case and 
the film thickness gradient increases. This effect be- 
comes more pronounced near the outlet of heated 
section as manifested by the steep thickness gradient. 
as shown in Fig. 6. 

This situation reverses in the post-heated section. 
Here the thermocapillary force acts along the flow 
direction, the film decelerates and its thickness in 
creases. The marked change in film curvature that 
occurs near the critical cross-section results in capil- 

I’ , 
,I____ 

/’ ,,I , ,_-i 

(a) 

,’ , , ’ ,/‘_,” 

dH 
*x ! 
/--- 

ib) 

-_ 

Cd) 

Frc;. 7. Effect of surface forces on film curvature at the downstream edge of the heated section. (a) Isothermal 
flow. (b) Low heat flux. (c) Intermediate heat flux. (d) Near-critical heat flux. 
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lary pressure forces that contribute further to the film 
instability, as indicated schematically in Fig. 7, by the 
P’ arrows. 

Upon increasing the heat flux level the temperature 
gradient becomes steeper and the minimum film 
thickness decreases. Consequently, the effect of the 
perturbing surface forces becomes more pronounced. 
Eventually, any small disturbance of the film will be 
amplified thus causing its breakdown. 

FILM BREAKDOWN CRITERION 

A rigorous fo~u~ation of a physical criterion for 
film breakdown is by no means an easy task. Stability 
analysis of flowing heated films, by its very nature, 
cannot yield a viable criterion for actual film rupture. 
Furthermore, the existing stability analyses of a heated 
falling film [6,7,9] are inapplicable to horizontal film 
flow. Consequently, a ~fferent approach was taken in 
order to establish a physical criterion that can readily 
be used to predict the critical heat flux. 

Consider the shape of the heated film in the 
neighborhood of the downstream edge of the heated 
section at near-critical heat flux, The flow over the 
heated section has the features of a subcritical flow, 
namely, the film thickness decreases in the Sow 
direction. On the other hand, the flow in the post- 
heated section is supercritical in nature and the film 
thickens. Consequently, critical flow conditions must 
prevail at the cross section of the downstream edge of 
the heated section. As the critical film thickness is quite 
small and since critical fiow is known to be unstable 
any small disturbance will lead to film rupture. 

The critical film thickness, Hz, is a necessary but not 
sufficient condition for film breakdown. Experimental 
data indicate that the film may attain a minimum 
thickness at heat fluxes that are somewhat lower than 
the critical value. However, as the critical heat Aux 
is approached the film thickness gradient near the 
downstream cross section becomes very large and may 
be considered as tending to infinity. 

On the basis of these considerations the film break- 
down criterion is formulated as follows : 

as q/A -, (q/A), 

H-+H: 
and dH at x = LH (19) 

-----*X2 
dx I- 

where LH is the axial distance to the downstream edge 
of the heated section. 

PREDICTION OF CRITICAL HEAT FLUX 

The proposed model for predicting the critical heat 
flux is based on the thickness profile of the heated film, 
the breakdown criterion and an appropriate relation- 
ship between the film surface temperature, applied 
heat flux and flow rate. 

Equation (18) was found to be quite adequate for 
evaluating the film profile over the heated section. 
Consequently, the expression for the critical film 
thickness at x = L, is obtained upon rehanging 
equation (18), 

= Q (20) 

and applying the breakdown criterion, equation (19). 
The result is 

(21) 

where the prime denotes a derivative with respect to x. 
The evaluation of Hz requires that the film surface 
temperature be known. 

To avoid the difficult problem of solving the mom- 
entum and energy equations simultaneously for the 
axial surface temperature profile of a heated film we 
resort to a semi-empirical approach that relates T, to 
the applied heat flux. The vertical temperature profile 
inside the flowing film was measured over a wide range 
of flow rates, heat fluxes and axial positions along the 
heating section. Typical profiles are shown in Fig. 8. 
The extensive data indicate that the film temperature is 
a linear function of the vertical position y : 

7% Y) = T,(x) - C(X)Y cm 

Q=O.84x 10~5 m% 
q/A=O.85 x IO“, W/m2 

1.0 - X/L 

l 0.34 
0 0.47 

E 3 0.6 

*o- - 
: 05- 

0 
315 320 325 330 

T, K 

FIG. 8. Vertical temperature profiles within the heated film. 
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where T,(x) is the extrapolated film temperature at 

y = 0 and C(x) is a parameter yet to be determined. 
We relate C(x) to the flow and heat-transfer con- 

ditions by defining a film heat-transfer coefficient thus 

Consequently, 

qA 
c(x) = h(x)H(x) 

(23) 

EQ analogy to convective heat transfer in a thermal 

boundary layer for laminar flow over a horizontal 
heated plate the film heat-transfer coefficient is cor- 
related by 

(25) 

where the Prandtl number has been incorporated into 

the coefficient a. Consequently, 

1 :2 

where 

b = akjv”*. (27) 

The film surface temperature is obtained by combin- 

ing equations (22) and (26) at y = H 

(28) 

To evaluate the limit in equation (21) we obtain the 
ratio T:/H’ from equation (28) as follows: 

Hence, at the critical heat flux, (q/A),: 

assuming that Th is finite. Combining equations (21) 
and (30) and solving for the critical heat flux: 

We assume that at a given flow rate the critical film 
thickness for film rupture at the downstream edge of 
the heating section and the unheated film thickness at 
the channel exit, equation (7), are linearly dependent, 

i.e. H: = lHL; hence 

= !5!!! (H;Q)‘J2 

J 

where 

(33) 

Table 1. Values of m for various liquids and channels 

Source Test Liquid 

This work Distilled water 13.88 

Ethanol !.hl 
n-Dodecane 7.05 

Ydidsion [ 161 n-Hexane 2.08 
Cyclohexane -J .‘i 

n-Octane 

The coefficient m depends upon the liquid properties 
(through coefficient b), the geometry of the heated 
channel and the coefficients 1 and b, which at present 

are not readily determined. Consequently, m was 
treated as an empirical coefficient and evaluated for 
each test liquid by equation (32) using the available 
critical heat flux data. Numerical values of m for 

distilled water obtained in this investigation and for 

organic liquids, based on data of Ydidsion [16], are 
given in Table 1. 

The predicted relationship between the critical heat 
flux and flow rate is compared with the experimental 
data for distilled water and organic liquids in Figs. 9 
and 10. The agreement between the predicted and 
observed values is very good in view of the fact that the 
critical heat flux is not a single-value variable. The 
deviation does not exceed ) IO’!; and is within the 
limit of the experimental error. 

It is advantageous to render equation (31) dimen- 
sionless by using the Marangoni number, defined as 

134) 

The critical Marangoni number for tilm rupture is 
evaluated in terms of the pertinent variables by 
combining equations (21) (30) and (34): 

‘& ;j 
;; 

a 
B I 

I 

I 

I~_.__..._~__~~~L__.~ ; 
0 05 3 I ” 

c?” x IO”, m /s 

FIG. 9. Critical heat flux vs flow rate. Distilled water 
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(35) 

Defining the following dimensionless numbers : 

and substitutive for (g/A), from equation (31) there 
results : 

(Ma. Fr’), = k Re’ Pr. (37) 

Equation (37) relates the critical flow and heat-transfer 
conditions at the downstream edge of the heating 
section to the film flow rate. The critical Froude 
number characterizes the critical flow that occurs at 
the cross-sectional plane at x = LH, where H = H:, 
and Ma, characterizes the temperature gradient across 
the film at this plane, namely AT/H,*. 

Equation (37) is semi-empirical in that it contains 
one empirical coefficient, m, which appears in the LHS: 

. (38) 

A comparison of the predicted (Ma * Fr2), values, 
namely the RHS of equation (37f, with the experimen- 
tal values computed from equation (38) is presented in 
Fig. 11. The required physical and thermal properties 
of water were evaluated at 5O”C, a representative 
average of the observed cross-sectional mean film 
temperatures. The properties of the organic liquids 
were taken at 25°C since film temperature data were 
unavailable. As can be seen equation (37) correlates 
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FIG. II. Cornp~~s~~ of the predicted critical heat ffux with 
experimental data. 

successfully both the data of this investigation and 
those of Ydidsion[l6] over a wide range of variables, 
summarized in Table 2. Deviations occur mainly at 
very low Reynolds numbers, namely Re < 5. 

The ability of equation (37) to correlate the critical 
heat flux data over a wide range of experimental 
variables and variety of liquids substantiates the 
validity of the film breakdown criterion as formulated 
by equation (19). In addition, equation (37) combines 
the thermocapillary effect, which governs the film 
rupture, with the critical heat flux in terms of the 
Marangoni number and relates it to the flow con- 
ditions and the liquid physical and thermal properties 
expressed by the Reynolds, Froude and Prandtl num- 
bers, respectively. 

It is worth noting that equation (37) cannot as yet be 
used for design purposes since m is not known a priori. 
Consequently, in order to apply it to a specific channel 
or liquid it is suggested that m be determined by 
preliminary experiments. 

CONCLUSIONS 

Isothermal film flow 

Surface energy plays an important role in governing 
the film thickness at the horizontal channel outlet, A 
realistic downstream boundary condition was for- 
mulated, based on minimum specific energy of the film, 
that successfully predicts this thickness. Axial film 
thickness profiles can now be predicted within 3_ 10% 
for Re -K 150. 

Heated film flow 

Thermocapillary forces cause drastic changes in the 
film thickness relative to isothermal flow. The flow 
problem that incorporates this effect was solved in 
conjunction with an experimental surface temperature 
profile to yield axial film thickness profiles which are in 



556 AKIEL SHARON and At.r~r; ORELI 

Table 2. Variables range in critical heat flux runs 

Source 

This work 

Ydidsion [ 161 

Test liquid 

Distilled water 

Ethanol 
n-Hexane 
n-Octane 
n-Dodecane 
Cyclohexane 

Q @.!A), 
(rn’.!b) x 10” (Wim’) 

5.1 15.5 (0.98-2.87) x 10J 

0.9 4.0 1080 4080 
1.3-6.3 420 1730 
0.6- 5.2 330- I550 
0.2 3.2 3x0. 2080 
0.4 4.0 400 1600 

reasonable agreement with the measured profiles over 1 I. G. D. McPherson, Axial stability of the dry patch formed 

the heated section of the channel. in dryout of a two-phase annular flow. Inr. J. Heut Ma.ss 
Trunsfer 13, 1133- 1152 (1970). 

Film hrpnkdown 12. R. M. Nedderman, The flow of thin films of a viscous _ _..._ _ _ _. _ 

A mechanism for film rupture and dry patch for- 
liquid down nearly horizontal surfaces, Chem. Engny Sci. 
21. 715-717 (1966). 

mation was DroDosed based on analvsis of the effect of 13. A.‘Gollan anh S. Sideman. Single- and two-chase film 

surface forces on the film thickness and its stability. It flow on near horizontal plan& A. I. Ch.‘E. .I/ 16, 

is shown that a dry patch will form first at the 1093 1097 (1970). 

downstream edge of the heated section. 
14. F. Goodridge and G. Gartside, Mass transfer into near- 

Experimental evidence indicates that at the critical 
horizontal liquid films, Part I : Hydrodynamic studies. 
Trans. Instn Chem. Engrs 43, T62Z67 (1965). 

heat flux the flow characteristics at the heated section 15. T. Hobler, Laminar flow of a liquid film on a horizontal 

outlet are similar to those of open channel critical flow. surface, fnt. Chem. Engng 12, 292 294 (1972). 

Consequently, a simple criterion for film breakdown 
16. Y. Ydidsion, Formation of a dry patch in liquid films 

was formulated stating that rupture occurs when both 
flowing over a horizontal heating surface, MSc. Thesis. 
Israel Institute of Technology (1973). 

the film thickness gradient becomes very large and the 17. V. T. Chow, Open Channel Hydruulica. McGraw-HII], 

film attains a critical thickness. New York (1959). 

A generalized expression for predicting the critical 18. F. M. Henderson, Open C‘harrnrl F/aw. MacMillan, 

heat flux was derived based on the critical conditions 
Basingstoke (1966). 

19. B. Nimmo. Thin film flow on curved surfaces. <‘hem. 
for film rupture. The equation contains one empirical Engng Sci.‘27, 695- 701 (1972). 
coefficient and successfullv correlates all the available 20. C. S. Yih, Fluid motion induced by surface-tension 

data over a wide range oi variables. variation, Physics Fluids 11, 477 480 (1968). 
21. A. S. Borodin and J. J. C. Picot. The measurement and 

prediction of temperatures at the free interface of falling 
water films under heat transfer. Gun. J. Chem. Engncg 54, 
59-65 (1976). 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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APPENDIX 

We assume that the velocity profile of the heated film I\ 
parabolic and is of the form 

u(x, y) = A(x))’ 7 R(.xj~ (Al, 

that satisfies the no-slip condition. Substituting (Al) into the 
continuity relationship, equation (lo), and into the shear 
stress boundary condition. equation (14). and solving for n 
and B results in 

where Ci = (r/p)(dT,/dx). 
For isothermal film flow Ci = 0 and (A2) reduces IO 

3Q u = ~~- (2Hv - ?.‘) 
2H3 

(A.?) 

This expression was used in Nedderman’s analysis [12]. 
The differential equation for the heated film thickness 

profile is obtained by integrating the equations of motion 
with respect toy. Integrating equation (12) between the limits 
0 5 1% I H subject to the B.C. of equation (15) we obtain 

2 

P(r,1.)=pg(H-).i+Pni-‘ids. iA4) 
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Similarly, integrating equation (11) and using the 1 Hap 
relationship 

-- 
i 

-dy= -$I: 
P dx 

~~u~d~+sIu~dy=~~~u’d~ W) f$= _?$‘-;ciy 

there results Hence 
a H 

-1 u’dy = - f[:;dy + v{;$dy. (A5) 
ax 0 

Combining (AS) with (A2) and (A4) and neglecting the effect 
of film curvature on the axial pressure gradient 

dH 3Qv + : C,vH’ 

(‘46) 

In absence of axial surface temperature gradients (A6) 
reduces to the case of isothermal film flow, equation (1). 

FORMATION DUNE TRAME ASSECHEE DANS LES FILMS LIQUIDES 
EN MOUVEMENT DANS UN CANAL HORIZONTAL ET CHAUFFE 

RCume - Les caracteristiques hydrodynamiques et thermiques des films liquides minces s’ecoulant dans un 

canal horizontal et chauffe, sont ttudiees experimentalement et theoriquement pour determiner l’interrup 

tion du film et la formation dune trame s&he. On formule a partir dun parametre empirique et on introduit 

dans un modele un critbe physique pour I’interruption du film; le flux de chaleur critique est 

convenablement predit pour I’eau et des liquides organiques a 5 < Re < 100. Des equations pour determiner 

les profits axiaux d’epaisseur, a la fois pour le film chauffe et non chauffe, sont obtenues a partir dune 
condition limite en aval. 

DIE BILDUNG VON TROCKENSTELLEN IN STRGMENDEN FLUSSIGKEITSFILMEN 
IN EINEM BEHEIZTEN, HORIZONTALEN KANAL 

Zusammenfassung-Die hydrodynamischen und Warmeiibertragungseigenschaften diinner, in einem 
horizontalen Kanal strdmender Fltissigkeitsfilme wurden experimentell und analytisch mit dem Ziel 
untersucht, den Filmzusammenbruch und die Bildung von Trockenstellen modellhaft zu erfassen. Ein 
physikalisches Kriterium fur den Filmzusammenbruch wurde formuliert und in ein Model1 eingefiigt, das 
einen empirischen Parameter enthalt und erfolgreich zur Bestimmung der kritischen Wiirmestromdichte fiir 
Wasser und organische Fliissigkeiten im Bereich 5 -c Re < 100 angewendet werden kann. Gleichungen zur 
Bestimmung des axialen Filmdicken-Profils fur diabate und adiabate Filmstriimung wurden unter 

Benutzung einer stromabwiirts vorgeschlagenen Randbedingung abgeleitet. 

OEPASOBAHME CYXMX YYACTKOB HA CTEHKE IIPM TEYEHHH XCMAKHX HJIEHOK 
B HAFPEBAEMOM FOPH30HTAJIbHOM KAHAJIE 

ArmoTauna - 3KCnepIiMeHTaJrbHO n aHaJlBTWteCKH HCCneLtOBaHbt rHsponnHaMW4eCKrie H Tennoo6MeH- 

Hbte XapaKTepHCTnKB TOHKHX nneHOK XCH4KOCTH IIp&i TeYeHHH a rOpW30HTaJrbHOM HarpeBaeMOM KaHaJte 

C ueJrbm MOneJnipOBaHna pa3pbIBa nJteHKH H o6paaoaannn CyXnX yYaCTKOB. flaH (bH3HWCKni4 KpHTepHfi 

paspbtaa nnerrror, nrono~aeMbrR n Monenb, conepxcamyto onrf~ 3bnnipHwcKH~ napaMeTp. B paMKax 

3~0ii MoDemi HafineHbr npaBHnbHbre 3Ha9enriK KpHTwiecKoro TennoBoro noToKa nnu BonbI B oprasa- 

qecKiix xwnKocTeii npH 3riaqeHrnrx Re B nHana30He 5 < Re < 100. Ypaenenris nna pacqera aKcnanbtibrx 

npO@kTineii TOJlmHHbI nneHKH KaK npH HaJIHWH, TaK H B OTCyTCTBHe HarpeBa BblBeLIeHbr Ha OCHOBaHHH 

npennomemroro rpansruoro ycnoerra. 


