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Abstract-Boiling experiments were performed with a fluorocarbon (FC-72) liquid film falling over a 
vertical heated surface. Severe boiling separated most of the film from the surface, leaving a thin subfilm, 
and CHF was associated with dryout of the subfilm. Surfaces with microfin augmentation enhanced CHF 
with respect to smooth or microstud surfaces. A louvered plate mounted parallel to the heated surface also 
increased CHF by deflecting the separated liquid back to the heated surface and delaying subfilm dryout. 

INTRODUCTION 

BOILING in liquid films provides an efficient heat trans- 
fer process for applications such as thin film evap- 
orators and the cooling of turbine blades and elec- 
tronic components. In the case of electronic cooling, 
however, a major drawback relates to the low heat 
fluxes associated with dielectric fluorocarbons, which 
are considered to be best suited for direct contact with 
electronic components. The maximum heat flux which 
may be dissipated is limited by the critical heat flux 
(CHF), which defines the upper limit of the efficient 
range of boiling heat transfer. 

Several investigators have studied boiling and CHF 
in thin films [ 141 and have reported that the onset of 
CHF corresponds to film breakdown for which a large 
portion of the film separates from the heated surface, 
leaving a thin subfilm in contact with the surface. At 
CHF the subfilm begins to dry out near the trailing 
edge of the heater, and the unwetted region extends 
upstream towards the film inlet. Katto and lshii [2] 
studied CHF in a film directed along rectangular sur- 
faces which were 10, 15 and 20 mm long and 15 mm 
wide. For film velocities in the range from 1.5 to 
15ms--’ and film thicknesses of 0.56 and 0.77mm, 
CHF was correlated for R-l 13 and water by the 
expression 

$J = 0.0164 [21’.*‘;’ [p&y333, (1) 

In electronic cooling applications involving boiling, 
FC-72 is typically chosen as the working fluid, since 
its boiling point at atmospheric pressure (- 56°C) is 
substantially less than the maximum allowable tem- 
perature for electronic components (- 85°C). From 
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equation (1) a film of FC-72 at atmospheric pressure, 
flowing with a velocity of U = 1 m SV’ over a 50mm 
long heated surface, would have a critical heat flux of 
qM = 5.5 W cm-‘. 

Augmentation of the surface geometry offers one 
method of improving heat transfer performance and 
extending CHF. The basic principles used to enhance 
pool boiling also apply to boiling in liquid films. Early 
studies of pool boiling enhancement focused on the 
use of roughened surfaces, which provided short-term 
improvements in the nucleate boiling regime but had 
little effect on CHF. The roughened surfaces became 
ineffective when the relatively large surface cavities 
were flooded with liquid and could no longer serve 
as artificial nucleation sites. However, long-term 
improvement in the nucleate boiling regime can be 
provided by surfaces having a large density of re- 
entrant cavities which tend to trap vapor embryos and 
therefore maintain active nucleation sites [S]. Ex- 
amples of commercially available surfaces include 
those having porous sintered coatings (Union Car- 
bide, HIGH-FLUX), re-entrant grooves (Wieland- 
erke AG, GEWA-T), and surfaces formed by bend- 
ing notched fins to form porous cover plates with 
subsurface tunnels (Hitachi, THERMOEXCEL-E). 
Pool boiling tests conducted by Bergles and Chyu 
[6] and Marto and Lepere [7] showed that the tem- 
perature overshoot (hysteresis) associated with the 
inception of boiling in fluorocarbon liquids was 
more pronounced for the foregoing surfaces than 
for smooth surfaces. 

Most studies of boiling with augmented surfaces 
have been restricted to the nucleate boiling regime. 
However, Marto and Lepere [7] reported FC-72 CHF 
data for pool boiling from the THERMOEXCEL-E, 
HIGH-FLUX and GEWA-T surfaces. Although 
CHF values for the THERMOEXCEL-E and HIGH- 
FLUX surfaces differed little from those obtained for 
a smooth surface, the GEWA-T surface was operated 
in stable nucleate boiling at a heat flux which was 17% 
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NOMENCLATURE 

constant 
specific heat 
average absolute percent error 
maximum percent error 
latent heat of vaporization 
modified Jakob number, 

hc,JTsJ(&-g) 
length of heater 
constant 
heat tlux 
critical heat flux (CHF) 

dimensionless CHF, q,/(pJ@J) 
dimensionless CHF, equation (7) 
temperature 
wall superheat, T, - T,,, 
inlet subcooling, T,,,- T,, 
mean inlet velocity 

We Weber number, (p,U 2L)/o. 

Greek symbols 
6 film thickness 

6, thickness of subfilm 
a* dimensionless film thickness, S/L 
0 surface tension 

P density 

P* density ratio, pdpg. 

Subscripts 
f liquid 

g vapor 
in inlet 
sat saturation 
sub subcooled 
W wall. 

larger than CHF for the smooth surface. Unfor- 
tunately, the value of CHF for the GEWA-T surface 
was not determined. The improved performance of 
the GEWA-T surface was attributed to an increased 
surface area and to a large spacing between re-entrant 
grooves, which prevented the vapor columns from 
coalescing. 

Although boiling in flowing films has been studied 
[14], little has been done to consider the effect of 
augmented surface structures. Nakayama et al. [8] 
studied evaporation and boiling in a gravity driven 
R-l 1 film falling over three enhanced surfaces and a 
smooth surface. The augmented surfaces consisted of 
two grooved (microfinned) surfaces, for which the 
grooves were either aligned (vertical) or perpendicular 
(horizontal) to the flow direction, and a porous cover 
plate with subsurface tunnels perpendicular to the 
flow direction. The heat transfer coefficient for the 
vertically grooved surface depended on the liquid flow 
rate, while the coefficient for the porous plate was 
relatively insensitive to changes in the flow rate. 
Although the porous plate provided the greatest 
enhancement, the performance of the vertically 
grooved surface at its optimum flow rate was com- 
parable to that of the porous plate. Performance of 
the grooved surfaces was influenced by orientation 
of the fins relative to the flow direction. While the 
horizontally grooved surface nucleated first, the ver- 
tically grooved surface had superior performance at 
low heat fluxes. However, in the fully developed 
nucleate boiling regime, the two boiling curves con- 
verged. Although CHF data were not reported for the 
falling film configuration, such data were reported in 
a later study involving pool boiling [9]. For pool boil- 
ing on a horizontal surface with FC-72 at atmospheric 
pressure, the microfin surface showed a 90% increase 
in CHF (based on the planform area) relative to the 

smooth surface, while the porous plate surface 
increased CHF by only 6%. 

The present study has focused on the enhancement 
of boiling in a liquid film of FC-72 flowing over a 
63.5mm long, 25.4mm wide, vertical copper surface. 
Results for two structured surfaces were compared 
with those for a smooth surface over film thick- 
ness, film velocity and subcooling ranges correspond- 
ing to 0.25 < 6 < l.Omm, 0.3 < U< l.Smss’, and 
0 < AT,,, < 16°C respectively. A flow deflector, 
designed to enhance CHF, was also tested with each 
of the surface geometries. In addition to heat transfer 
measurements, flow visualization was used to inter- 
pret the results. 

EXPERIMENTAL SYSTEM 

The augmented surfaces considered in this study 
(Fig. 1) include a microfin surface, which was formed 
by machining longitudinal grooves in a copper block, 
and a microstud surface, which was formed by cutting 
grooves in both the longitudinal and lateral direc- 
tions. The augmented surfaces have identical groove 
spacings and depths. The microfin surface was 
chosen because of the positive results obtained by 
Nakayama et al. [8,9], when microfins were used for 
both pool boiling and boiling of a falling film. The 
microstud surface was chosen to assess the effects 
of improved lateral wetting [8]. 

The boiling surfaces were contained within the 
heater module shown in Fig. 2, which consisted of a 
low thermal conductivity fiberglass (G-7) substrate, a 
boron nitride (BN) and chromium wire heat source, 
and two copper blocks. The heat source was fabri- 
cated by cutting a series of shallow grooves in the 
BN plate adjoining the secondary copper block and 
winding chromium wire in a serpentine pattern along 
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(a) (b) 

FIG. 1. Augmented surface geometries : (a) microfin. (b) microstud. 
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FIG. 2. Schematic of inner test chamber assembly and heater module. 

the grooves. The grooves and the interface between 
the BN plate and the secondary copper block were 
packed with BN powder to reduce the thermal contact 
resistance. Two copper blocks were used to allow 
replacement of the primary block without disturbing 
the heat source. A thin coating of thermal grease 
was applied to the interface between the primary 
(enhanced surface) and secondary copper blocks to 
reduce thermal contact resistance. 

The heater module was mounted on the bottom of 
an inner test chamber, as shown in Fig. 2. The fluid 
delivery system (Fig. 3) supplied FC-72 to the inner 
chamber through a manifold, which directed the 
liquid to a secondary (cartridge) heater. The heater 
was used to achieve fine temperature control of the 
fluid upstream of the nozzle. A copper-constantan 

thermocouple was used to measure the fluid tem- 
perature (T,,) at the nozzle inlet, and additional ther- 
mocouple probes provided reference junctions for 
eleven thermocouples located along the centerline of 
the heater module. A small porous section placed at 
the mouth of the nozzle provided back pressure to 
completely fill the inner chamber with fluid, and 
a bleed port located at the top of the inner cham- 
ber allowed trapped vapor to escape into the outer 
chamber. 

The test chamber was an integral part of a high 
purity, closed-loop fluid delivery system which sup- 
plied fluid to the test chamber at a controlled flow 
rate, temperature, and pressure. The fluid delivery 
system was also designed to condense vapor generated 
within the test chamber and to return the condensate 
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FIG. 3. Schematic of fluid delivery system. 

to the system reservoir. As shown in Fig. 3, fluid was 
drawn from the reservoir by a magnetically coupled 
stainless steel pump and forced through the primary 
electric heater, which was regulated by a digital tem- 
perature controller, and into a centrifugal phase sep- 
arator. Vapor generated by the electric heater was 
separated and routed to the reservoir, while the bulk 
of the fluid continued to the test chamber. The flow 
rate, which was controlled by varying the pump speed 
and the amount of fluid allowed to bypass the test 
chamber, was measured by an electronic turbine 
flowmeter. Film velocities were obtained by dividing 
the volumetric flow rate by the area of the nozzle 
opening, and film thicknesses were based on the nozzle 
spacing. Pressure in the test chamber was measured 
by a strain gage, absolute pressure transducer. 

A charging system was used to introduce deaerated 
fluid to the flow loop. A stainless steel pressure vessel, 
equipped with four 350W cartridge heaters and a 
reflux condenser, was used to deaerate the fluid 
through vigorous boiling. The fluid was then flashed 
into the loop, which was initially evacuated to less 
than 500 pm of Hg. 

Experiments were performed for three surface (pri- 
mary copper block) conditions : (i) a smooth (unaug- 
mented) surface, (ii) the microfin surface, and (iii) 
the microstud surface. In each case the surfaces were 
25.4mm wide and 63Smm long. The surfaces were 
abraded with 600 grit silicone-carbide sandpaper and 
cleaned with acetone. To establish the desired oper- 
ating conditions, the fluid was circulated and heated 
by the primary electric heater. When the desired tem- 
perature, pressure and flow rate were established, 

power was applied to the heat source. 
Boiling curves were generated by manually incre- 

menting the power to the heat source in discrete steps. 
After each power increment, temperatures through- 
out the heat source were monitored to determine 
steady-state conditions in the heater module. Upon 
reaching steady conditions, which typically took less 
than 3 min, the power supplied to the heat source, the 
module temperatures, the system temperatures, the 
pressure and the flow rate were measured by a Hew- 
lett-Packard 3054 data acquisition system. This pro- 
cedure was repeated until CHF was detected by a 
temperature overshoot at the lower edge of the heated 
surface. A thermocouple in the lower section of the 
heater module was connected to a protection circuit, 
which terminated the heater power when a prescribed 
temperature in the heater was exceeded. The mag- 
nitude of the power increment was decreased near 
CHF to decrease uncertainties associated with its 
determination. 

Heat fluxes reported in the boiling curves are 

based on the total power supplied to the heat source 
and the planform area of the boiling surface 
(2.54 x 6.35 = 16.13 cm’). From a two-dimensional 
conduction analysis of the heater module, which 
included experimentally determined contact resis- 
tances at the BN-copper and copper-copper inter- 
faces, substrate heat losses were estimated to be less 
than 2% of the input power. The wall temperature was 
based on the average of the temperatures measured 
by thermocouples in the primary copper block. The 
temperature was corrected for the drop which occurs 
across the 2.54mm distance between the thermo- 
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FIG. 4. Representation of boiling development in thin films. 

couple locations and the boiling surface. For all 
heat fluxes other than those close to CHF, only slight 
temperature variations ( < 1 “C) existed between 
upstream and downstream locations on the copper 
block, and the block may be considered isothermal. 
In close proximity to CHF, downstream temperatures 
in the copper block could exceed the upstream tem- 
perature by as much as 3°C. 

EFFECTS OF FILM VELOCITY 

AND THICKNESS 

The inception and development of nucleate boiling 
was similar for each of the three surfaces. In particu- 
lar, boiling is initiated at preferred nucleation sites 
near the lower edge of the heated surface. At low heat 
fluxes, the activation of additional nucleation sites in 
the wakes of preferred nucleation locations results in 
the formation of nucleation patches across the span 
of the lower half of the heater. As represented in Fig. 
4(a), the film within the patches is characterized by a 
longitudinally increasing void fraction. As the heat 
flux is increased, additional patches develop and 
spread across the span of the heater and the patch 
initiation point moves up the heater. At high heat 
fluxes, the film characteristics resemble those shown 
in Fig. 4(b), where the patches have coalesced and the 
boiling initiation point is close to the top of the heater. 
Near the lower edge of the heater, the void fraction 
exceeds the value required to maintain a liquid con- 
tinuum and the film separates, leaving a thin sublayer. 
This layer, or subfilm, has been reported by other 
investigators [l-4], and CHF occurs when the subfilm 
dries out. 

Figure 5 shows a comparison of boiling curves for 
the smooth, microfin and microstud surfaces. As indi- 
cated, both augmented surfaces improve heat transfer 
in the forced convection and nucleate boiling regimes. 
The inception of boiling occurred over a small range 
ofheatfluxes(2.0x lo4 5 q 6 3x 104Wm~*)foreach 
of the surfaces. Although the microstud surfaces 
requires the lowest wall superheat for a given heat 
flux, the microfin surface achieves the highest CHF. 
Flow characteristics for the microfin surface (Fig. 6) 
are similar to those described by Mudawwar et af. [IO] 
for a smooth surface, although the film separation 
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FIG. 5. Effect of surface geometry on boiling performance. 

FIG. 6. Film characteristics on the microfin surface for 
increasing flux (U = 0.5ms-‘, 6 = 0.66mm): (a) 0.35q,, 

(b) 0.95q, and (c) qx. 

and subfilm dryout phenomena occur at larger heat 
fluxes. The approximately 50% enhancement in CHF 
may be due to one or both of two factors. The longi- 
tudinal grooves may allow surface tension forces to 
more effectively maintain contact between the fluid 
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(b) 

FIG. 7. Film characteristics on the microstud surface for increasing heat flux (U = I .5 m s- ‘, 6 = 0.25 mm) : 
(a) 0.6Oy,, (b) 0.9Oq, and (c) qu. 

and the surface, and/or they may prevent subfilm dry- 
out by nonstaining the lateral spread of dry patches. 
For the microstud surface, CHF is approximately the 
same as that for the smooth surface. The relatively 
small slope in the boiling curve and the small CHF for 
the microstud surface may be attributed to disruption 
and fragmentation of the film by the studs. As shown 
in Fig. 7, flow over the microstud surface is char- 
acterized by a large number of small bubbles. Film 
break-up advances film separation and the onset of 
CHF. The slight convergence of the film towards the 
middle portion of the heated surface in Fig. 7(b) shows 
that, at 90% of CHF, significant separation has 
occurred. For this condition, there are areas which 
are inte~ittently cooled by reattachment of the 
separated film. 

An important feature of Fig. 5 concerns the absence 
of a temperature overshoot at the inception of boiling. 
Murphy and Bergles [I l] have found that a porous 
surface eliminates hysteresis in forced convective boil- 
ing. However, Bergles and Chyu ]6] and Marto and 
Lepere [7] found a large temperature overshoot when 
a porous surface is used in pool boiling. The fact that 
the porous surface failed to prevent hysteresis in pool 
boiling was explained by Bergles and Chyu [6] in terms 
of a required disturbance level. They stated that the 
level of disturbance present in a forced convective flow 
was large enough to eliminate hysteresis. 

Slopes m for the proportionality q cc AT:, in the 
fully developed nucleate boiling regime of flowing 
liquid films have been reported to vary from m = 
1.4 [l] to 1.8 [12]. However, average slopes for this 
study were tn = 2.5, 2.0 and 1.3 for the smooth, 
microfin and microstud surfaces, respectively. 

The effect of film velocity on the smooth surface 
boiling curve (Fig. 8) is consistent with the results of 
Toda and Uchida [l] and Baines et al. [3]. The effect 
of velocity is pronounced in the forced convection 
region and for CHF, but the curves collapse in the 
fully developed nucleate boiling regime. Figures 8-10 
show that CHF increases with increasing velocity for 
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FIG. 8. Effect of film velocity on smooth surface boiling 
curve. 

each of the surfaces of this study. However, the effect 
of velocity is more pronounced for the augmented 
surfaces than for the smooth surface. Figure 9 shows 
that velocity influences the entire boiling curve for the 
microfin surface, with the curves for larger velocities 
shifted slightly to the left. For the microstud sur- 
face (Fig. lo), fluid motion is influenced as much by 
the studs as it is by vapor production and the effect 
of velocity is pronounced. 

Figure 11 shows that film thickness had only a slight 
effect on the boiling curve for the microfin surface. 
Differences between the results for 6 = 0.2Smm and 
those for film thicknesses of 0.6 and I .O mm are likely 
to be due to incomplete wetting of the fins when 6 is 
less than the fin height (OS08mm). The crossover in 
the curve for the 0.25mm film thickness and those 
for the other film thicknesses at q a 4 x IO4 W m-’ 
may result from a thickening of the film due to increased 
void fraction, which provides greater wetting of the 
fins. A slight increase in CHF was also associated with 
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FIG. 9. Effect of film velocity on microfin surface boiling 
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increasing film thickness for each of the three surfaces. 
Figure 12 shows that subcooling significantly 

enhances CHF and that the effect is more pronounced 
for the smooth and microstud surfaces than for the 
microfin surface. In addition, there is an exponential 
dependence of CHF on subcooling for the subcooling 
range of this study, while for pool boiling CHF 
increases linearly with subcooling [13]. The 
microbubbles which were observed to form in the 
subcooled film enhanced heat transfer but did not 
significantly increase the downstream void fraction, 
since bubble growth was retarded by the subcooled 
liquid. 

CORRELATION OF THE CHF DATA 

As previously described, CHF results from two 
phenomena, which include film breakdown and sep- 
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FIG. Il. Effect of film thickness on microfin surface boiling 
curve 
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FIG. 12. Effect of subcooling on CHF. 

aration from the surface and subsequent dryout of the 
subfilm which is left on the surface. Previous studies 
[2, 3, 10, 141 have established the following primary 
dimensionless groups to correlate the corresponding 
CHF values : 

Although additional dimensionless groups, such as 
the Reynolds and Froude numbers, have also been 
suggested to account for viscous and buoyancy forces, 
respectively, their influence on CHF is typically 
neglected. Therefore, the following correlation has 
been proposed 

4; = c,p*=2(l/W+. (3) 

In this study, two parameters not included in equa- 
tion (3) were observed to influence CHF. Hence, to 
include the effects of film thickness (6) and subcooling 
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Table 1. CHF correlation coefficients 

Smooth 0.0941 0.400 0.213 0.0570 5.6 16 
Microfin 0.102 0.428 0.0958 0.0387 3.4 8 
Microstud 0.0686 0.385 0.183 0.0564 3.7 12 

-. 

(A.TSUb), the following dimensionless groups may be 
introduced : 

where the length scale used to nondimensionalize the 
film thickness is taken as the length of the heater. The 
energy associated with liquid subeooling is included 
in a modified Jakob number, which is a ratio of the 
sensible to latent heat. Hence, the correlation con- 
sidered for this study is of the form 

45 = C,p*c2(1/We)cG*c* exp (C,Ja). (5) 

Although the density ratio is a strong function 
of pressure, data of this study correspond only to 
atmospheric conditions. Hence, the exponent on p* 
was fixed at C, = 0.867, which is the result obtained 
by Katto and Ishii [2] for a wall jet. The exponential 
dependence of CHF on the Jakob number was 
observed to best correlate the effect of s&cooling. 

The results of applying least-squares curve fits to 
the CHF data of this study are summarized in Table 
1, which includes the average absolute and maxi- 
mum percent errors in the correlation, as well as 
the correlation coefficients. The parameter ranges 
used in developing the correlation correspond to 
0.25 < 6 < l.Omm, 0.3 < U< 1.5ms-‘, 0 < AT,,, < 
16”C, and L = 63.5 mm. The correlation is contrasted 
with the data in Fig. 13, where LjM is defined as 

The nearly equivalent Weber number dependence 
for each of the surfaces is surprising, since the surface 
geometry should influence the effects of velocity and 
surface tension. The dependence of qAf on U”m2c1’ 
indicates that the microfin surface, which has the 
largest inverse Weber number dependence, actually 
has the smallest velocity dependence. This result 
may be due to the fact that sublayer dryout occurred 
between the fins, where the ftow was influenced 
more by the geometry than by separation of the film. 
The fact that the velocity dependence of qM is largest 
for the microstud surface suggests that the sensitivity 
of flow separation to velocity is amplified by the studs. 

Mudawwar et al. [IO] recently presented a hydro- 
dynamic model of CHF in flowing liquid films, for 
which film breakdown was presumed to be caused 
by a Helmholtz instability that occurs in vapor jets 
supplying the bubbles. When the instability occurs, a 
thin liquid layer, the thickness 6, of which is of the 
order of the critical Welmholtz wavelength, remains 
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FIG. 13. Comparison of CHF data with correlations. 

on the heated surface. The expression for the 
Helmholtz wavelength at typical operating pressures 
was simplified to give the following equation for the 
sublayer thickness 

(71 

where q/(pfhfg) is the average velocity of vapor per- 
pendicular to the heated surface. For saturated films, 
CHF was postulated to occur when the latent heat of 
the liquid subfilm is balanced by the heat rate at the 
boiling surface 

cl,& = prUd,h,. (8) 

When equations (7) and (8) are combined for satu- 
rated films, they yield an expression of the form given 
by equation 0) with C2 = 2/3 and C3 = I/3. The 
model also predicts the following ratio of CHF at 
subcooled conditions to CHF at saturated conditions 

. 8) 

The value of Csub = 0.16 which was recommended [lo] 
provides reasonable agreement, for low subcooling, 
with the exponential dependence observed for the 
smooth surface and the subcooling range of this study. 

Although film thickness, which was observed to 
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FIG. 14. Active and inactive microlayer evaporation areas 
for (a) microfin surface and (b) microstud surface. 

have a slight effect on CHF in this study, was not 
included in the foregoing model, the mechanism pro- 
posed by Mudawwar et d. [IO] offers a possible expla- 
nation for the effects of the augmented surfaces on 
CHF. Near the upstream edge of the heated surface, 
the film thickness may be assumed to be equal to 
the nozzle spacing. For the microfin surface, nozzle 
settings less than the fin height therefore provide an 
active area for microlayer evaporation which includes 
the region between the fins and that portion of the fin 
sides up to the height of the film (Fig. 14(a)). Hence, 
there should be an increase in CHF as the film thick- 
ness increases due to an increase in the area available 
for microlayer evaporation. When the film thickness 
exceeds the fin height, the fin tip would also become 
active, further increasing CHF. The film thickness 
also influences the actual film velocity for a given 
average velocity based on the nozzle opening. The fins 
provide a blockage which reduces the effective flow 
area and hence increases the velocity. As the film 
thickness is increased, however, the fins provide less 
blockage and the actual velocity approaches the aver- 
age velocity. Hence, there is likely to be a critical film 
thickness, beyond which there is little improvement in 
CHF. 

For the microstud surface, film breakup may leave 
essentially inactive regions on surfaces with normals 
parallel to the flow direction and in base regions 
between such surfaces (Fig. 14(b)). There may then 
be little increase in active surface area relative to the 
smooth surface and hence little increase in CHF. The 
argument used to explain the effect of film thickness 
for the microfin surface may also be applied to the 
microstud surface. 

EFFECT OF A FILM DEFLECTOR 

Because film separation occurs prior to CHF, there 
exists the possibility of extending CHF by redirecting 
the separated portion of the film back to the heated 
surface. A louvered flow deflector designed to extend 
CHF without pressurizing the liquid film was fabri- 

LIQUID FILM 

FIG. 15. Filmcharacteristicsat high heat fluxes withdeflector. 

cated from 0.152 mm thick brass sheet stock in which 
louvers were formed by bending 18 webs, made by 
cutting 0,794 mm wide slots spaced on 3.175 mm cen- 
ters, approximately 12”. The deflector was mounted 
2.54mm from the base of the boiling surface and was 
held in contact with the edge of the surface (Fig. 15). 

Several observations could be made concerning the 
effect of the deflector on the flow. Because the deflector 
was mounted 2.54mm from the base of the boiling 
surface and the film thickness was 6 = 0.6 mm for all 
the deflector runs, there was no initial contact between 
the film and the deflector. When nucleation occurred 
and the film thickened due to the increased void frac- 
tion, contact with the deflector occurred and bubbles 
were observed to erupt through the gaps between the 
louvers. As the heat flux was increased, the liquid 
contact point moved upstream, and an increasing 
fraction of the film began to flow outside the louvers. 
The fluid on the outside of the louvers was observed 
to have an upward velocity component as it emerged 
from the louvers. When the contact point approached 
the top of the heater, the backflow between the louvers 
became strong enough to force a liquid stream to be 
projected away from the heater, as shown in Fig. 
15. The presence of the backflow indicates that some 
pressurization occurred between the louvered deflec- 
tor and the boiling surface. 

Figure 16 compares the performance of each sur- 
face with and without the deflector. The most sig- 
nificant result is the increase in CHF provided by 
the deflector. For the augmented surfaces, the curves 
corresponding to use of the deflector are shifted 
slightly to the left, and at large heat fluxes there is 
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Table 2. Percent increase in CHF with deflector 

u 
(m s-‘) Smooth Microfin Microstud 

0.5 -_ 30 71 
1.0 16 44 74 
1.5 41 42 86 

a decrease in the slope. The change in slope occurs 
approximately at the flux corresponding to CHF for 
the undeflected film and is believed to be associated 
with film breakdown and a transition from heat trans- 
fer by nucleate boiling to droplet cooling by the 
deflected liquid. Tabie 2 shows that, irrespective of 
the film velocity, the effect of the deflector is greatest 
for the microstud surface and that, for each surface, 
the effectiveness increases with increasing velocity. 
With increasing velocity, the deflector is able to 
redirect more of the separated film to the surface. 

Table 2 also shows that the improvements in CHF 
associated with the enhanced surfaces were larger than 
those for the smooth surface. This result is, in part, 
due to the fact that the height of the surface structures 
reduced the effective deflector height from 2.54mm 
for the smooth surface to slightly over 2mm for the 
enhanced surfaces. The foregoing observation sug- 
gests that an optimum deflector height may exist. As 
the deflector is brought closer to the heated surface, 
increases in CHF may be limited by a transition in the 
mode of CHF from film separation to flooding. 

The maximum improvement in CHF occurred for 
the microstud surface. Because the microstuds break 
up the film, contact with the deflector occurs at a 
smaller heat flux than for the other surfaces. However, 
backflow over the louvers is delayed because the studs 
provide smaller liquid droplets. 

SUMMARY 

Experiments have been performed to determine the 
extent to which boiling heat transfer in a falling liquid 

film may be enhanced by using structured surfaces 
and/or a flow deflector. Key results are given below. 

(1) For flow of a falling film over plain, microfin 
and microstud surfaces, boiling begins with the acti- 
vation of nucleation sites at the trailing edge of the 
surface. With increasing heat flux, the onset of 
nucleation moves up the heater and more sites become 
activated in the lateral (crossflow) direction. The void 
fraction increases in the flow direction until film 
breakdown and separation occurs at the trailing edge, 
leaving a thin subfilm. The onset of CHF corresponds 
to dry patch formation in the subfilm. By allowing 
surface tension forces to more effectively maintain 
contact between the fluid and the surface and inhi- 
biting the lateral spread of dry patches, the Iongi- 
tudinal grooves in the microfin surface delay the onset 
of CHF. In contrast the intermittent studs in the 
microstud surface act to break-up the film, thereby 
advancing film separation and the onset of CHF. 

(2) The microfin surface enhances nucleate boiling 
and CHF relative to a plain surface. However, 
although the microstud surface provides superior per- 
formance in the nucleate boiling regime, it does not 
enhance CHF relative to a smooth surface. 

(3) For each surface, CHF increases with increasing 
film velocity, thickness and subcooling. The effects are 
correlated in terms of the Weber number, a dimen- 
sionless film thickness and a modified Jakob number. 

(4) Significant CHF enhancement is achieved by 
installing a louvered deflector over the falling film. 
The enhancement increases with increasing velocity 
and is largest for the mi~rostud surface. 
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ACCROISSEMENT DE CHF DANS DES FILMS TOMBANTS LIQUIDES DE 
FLUOROCARBURE SUR DES SURFACES STRUCTUREES ET DES DEFLECTEURS 

D’ECOULEMENT 

R&sum&Des experiences d’ebullition sont faites avec un film liquide de fluorocarbone (FC 72) tombant 
sur une surface chaude verticale. Une Bbullition intense s&pare la plupart du film de la surface, laissant une 
mince pellicule, et le CHF est associe a l’assechement de cette pellicule. Des surfaces avec augmentation 
de microailettes accroit le CHF par rapport aux surfaces lisses. Une plaque ajouree montee parallelement 
a la surface chaude augmente aussi le CHF en defltchissant vers I’arriere le liquide separe sur la surface 

chaude, ce qui retarde l’assichement de la pellicule liquide. 

ERHdHUNC DER KRITISCHEN WARMESTROMDICHTE (CHF) BE1 STROMENDEN 
FLUSSIGKEITSFILMEN AUS FLUORKOHLENWASSERSTOFFEN UNTER VERWENDUNG 

VON STRUKTURIERTEN OBERFLACHEN UND STROMUNGSDEFLEKTOREN 

Zusammenfassung-Es wurden Experimente zum Sieden von Fluorkohlenwasserstoff FC-72 in einem 
Fliissigkeitsfilm ausgefiihrt, der iiber eine senkrechte, beheizte Oberfllche fallt. Durch heftiges Sieden wird 
der grdgte Teil des Filmes von der Oberflache abgetrennt. Zurilck bleibt ein diinner Unterfilm. CHF 
wird durch ein Austrocknen des Unterfilms gekennzeichnet. An Oberfllchen, welche durch Mikrorippen 
vergrijgert sind, liegt CHF hdher als bei glatten oder mikrostrukturierten Oberflachen. Eine zusatzliche, 
parallel zur beheizten Oberflache montierte Platte erhiiht CHF ebenfalls, und zwar dadurch, dag die 
abgetrennte Fliissigkeit zur beheizten Oberfhiche zuriickgelenkt wird, was das Austrocknen des Unterfilms 

verziigert. 

YBEJIHYEHHE KPHTH9ECKOF0 TEI-LJIOBOFO I-IOTOKA I-IPH TErIEHHH )KkiAKHX 
I-IJIEHOK @TOPYI-JIEPOJ&A 3A C=IET BCIIOJIb30BAHFfJI CTPYKTYPHPOBAHHbIX 

I-IOBEPXHOCTEti B AEQJIEKTOPOB I-IOTOKA 

hiElOTIUllH--npOBeAeHb1 3KCIIepEiMeHTbl IIO Km-IeHEiIO +TOpyrnepOAa (@Y-72), CTCKaK)IAerO B BUAe 
IIJIeHKH II0 BepTHKa,IbHOiiHar~BaeMOiiuOBepXHOCTH.~p~ pa3BHTOM KHlleH&iH 6onbwan SaCTb IIJIeHKH 

OTAeAKAaCb OT IIOBepXHOCTH HarpeBa, OCTaBAXR Ha Heii TOHKUii uOACJIOfi, C BbICblXaHHeM KOTOpOrO 

cBK3aHo HacTynneHue KpmmecKoro TennoBoro noTona(KTn). Ha no~~pxeoc~rx c MHKpOpe6p&iCTOii 

IllepOXOBaTOCTblOOTMe'WICK 6onee BhlCOKHii KT~,Y~MH~~A~AKHX~HH~~OB~~XHOCTRXCMHK~OB~O- 
nbqaToii mepoxoearocrbm. knonbsoeaaae nnamim c ncaJno3ffr.ni, noMetueunoii napannenbH0 

nOBepXHOCTH HarpeBa, TaRIKe npHBOAEin0 K yBWI~~eHHm KTn, TaK KaK IKaJnO38 BO3BpaIWIH 

OTAeJEiBlIIyIOCK MeHKy K noeepwocre iiarpesa, B abrcbrxamie ee TOHKOrO nOACJIOsl Ha noeepxHomi 

3aTKrWBa,IOCb. 


