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Abstract-Experiments are performed to correlate and model CHF during subcooled flow boiling of 
dielectric fluoro~rbon (FC-72) liquid on a smooth 12.7 x 12.7 mm* sirn~at~ electronic chip inside a 
vertical rectangular channel. Two distinct CHF regimes are established based on flow visualization and 
experimental data. At low flow velocities, CHF is accompanied by the formation of a continuous vapor 
blanket and the dryout of a liquid sublayer between the blanket and the chip. Higher velocities reduce the 
thickness of the vapor blanket and maintain partial contact of subcooled liquid from the core with the 
chip, leading to the formation of discrete vapor blankets much smaller than the boiling surface of the chip. 
Experimental data obtained in the lower velocity regime display excellent agreement with predictions of a 
new CHF model which accounts for the effects of the liquid velocity profile, liquid subcooling and flow 

geometry. 

1. INTRODUCTION 

THE STUDY of forced conviction boiling from an 
isolated heat source in a channel has become very im- 
portant in the search for effective methods of cooling 
high power electronic components. Little fundamen- 
tal work has been done with this type of flow con- 
figuration. However, Katto [l] has shown that, for an 
internal flow with a short heated length, the boiling 
process is closer to that of external flow. Previous 
research with external Ilow has focused prima~ly on 
cross flow over heated cylinders, although some work 
has been done with other configurations. 

In his efforts to develop a generalized correlation 
for critical heat flux (CHF) in external flow, Katto [2] 
foliowed the dimensionai analysis of Kutateladz~ and 
presented CHF in the form 

(1) 
where U and d are the characteristic velocity and 
length scales associated with the flow boiling system. 
From studies of flow over a cylinder 13-81 it has been 
shown that the physical characteristics of CHF at low 
fluid velocities are similar to those of pool boiling, 
while at higher velocities the characteristics are 
much different. Katto suggested that the dimensional 
analysis of equation (1) could be used to define cor- 
relating parameters for both ranges of flow velocity. 
Neglecting viscosity terms for both cases, and gravity 
for high flow rates, the follo~ng equations were 
suggested : 

low flow rates 

where 

d’ z d[g(p,-p,)/~]-“‘2 

u’= u[egr(Pr-P,)/P,21-“4; 

high flow rates 

(3) 

(4) 

(5) 

Two previous studies of CHF for saturated boiling 
have used confi~rations very similar to that of the 
present study. In the first study, Katto and Kurata [9] 
considered a submerged jet flowing parallel to a small 
rectangular heater. The fluids tested were water and 
R-l 13 with velocity ranging from 1.25 to IO m s-‘. 
CHF data were correlated by the equation 

$ = 9.186 ($5sy (-@264 (6) 
rg 

where L is the length of the heater. The other study 
was made by Yagov and Puzin [IO] for flow of R-12 
over a disk heater flush mounted in a rectangular flow 
channel. Fluid velocities ranged from 0.5 to 12.5 m 
s-’ and CHF data were presented by the correlation 

$L = 0.66 (!%T604 (z&T4”. (7) 
fs 

One aspect of the present study which has received 
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NOMENCLATURE 

A area of vapor jet cell including the area ff 
of the jet and surrounding liquid 

local liquid velocity parallel to the heated 
surface 

AF flow area u 

A, 
mean liquid velocity parallel to the 

cross-sectional area of a vapor jet heated surface 
c, friction coefficient ur velocity of liquid normal to the heated 
‘z specific heat at constant pressure surface 
C\“b subcooling constant in equation (16) % velocity of vapor normal to the heated 
CA constant in equation (18) surface 
ci diameter of heated cylinder u* friction velocity 
D hydraulic diameter of the flow channel, We Weber number, (p,U’L)/a 

4.4,/P Y distance normal to the heated surface. 
D,, hydraulic diameter of the flow channel 

based on the heated perimeter, Greek symbols 
4&lPu 6, inlet thickness of liquid sublayer 

; 
acceleration due to gravity 2” critical wavelength for Helmholtz 
liquid mass velocity, p,U instability parallel to heated surface 

h % latent heat of vaporization R Hm critical wavelength for Helmholtz 
k thermal conductivity instability normal to heated surface 
L heater length in the flow direction P dynamic viscosity 
P wetted perimeter of flow area V kinematic viscosity 
PIi heated perimeter of flow area P density 

Y wall heat flux surface tension 
4.1 critical heat flux (CHF) 3 coefficient defined in equation (20). 

* 4m dimensionless CHF, qm/(pgrjhrg) 
** qm dimensionless CHF defined in Fig. 11 Subscripts 

Re Reynolds number based on channel CHF critical heat flux 
hydraulic diameter, UDjv, f liquid 

T temperature g vapor 
TcHI, mean temperature of the heated surface in inlet 

at CHF sat saturation 

AT,,, wall superheat, r, - T,,, sub subcooling 

AT,*, inlet subcooling, TX,- T,, W wall. 

little attention in previous investigations is the effect 
of subcooling on boiling heat transfer. For pool boil- 
ing and low velocity Sow boiling, it has been found 
[1 l-131 that CHF is linearly related to the degree of 
subcooling. For higher velocity flow boiling, however, 
data for flow over a cylinder by Vliet and Leppert [ 121 
followed a more complicated non-linear relationship 
with subcooling. 

In addition to experimental studies there has been a 
number of theoretical studies of external flow boiling. 
One semi-empirical model for flow over a cylinder was 
developed by Lienhard and Hasan [6] based on their 
mechanical energy stability criterion. This criterion 
states that CHF occurs when the kinetic energy of the 
escaping vapor just exceeds the surface energy of the 
expanding vapor jet in the wake region. 

Other models have been based on photographic 
studies of pool boiling by Gaertner [ 141. These studies 
suggested a condition near CHF where, due to the 
Helmholtz instability, the vapor escape jets normal 
to the heated surface break down and vapor accumu- 
lates near the surface. Gaertner’s photographs dem- 

onstrated that a thin liquid sublayer (macrolayer) 
remains at the surface between the vapor jet. The 
vapor which accumulates above the sublayer forms 
large bubbles the size of which is determined by the 
Taylor instability. Each of these bubbles develops a 
characteristic period of growth and departure so that 
if the sublayer below a given bubble dries out during 
its growth stage, a dry patch will form and spread 
over the surface, resulting in CHF. This concept was 
the basis for a model by Haramura and Katto [15] in 
which the sublayer thickness at the beginning of the 
bubble period was assumed equal to one fourth the 
Helmholtz waveIength. CHF was assumed to be the 
value of heat flux required to evaporate the sublayer 
liquid during the hovering time of one large bubble. 
For flow boiling from an isolated heat source the value 
of CHF was assumed equal to the rate of latent energy 
of liquid entering the sublayer at an average velocity 
equal to the b&k velocity of the fluid. 

Similar principles were used in a model for falling 
films by Mudawwar et al. (161. They observed that, 
near CHF, most of the liquid film was forced away 
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from the surface due to vigorous vapor effusion, leav- 
ing only a thin liquid sublayer. Their model related the 
sublayer thickness to the wavelength of the Helmholtz 
instability by an empirical constant. As in the model 
of Haramura and Katto [15] for flow boiling, liquid 
was assumed to enter the sublayer at the mean velocity 
of the film and CHF was assumed to occur when the 
total heat supplied to the surface exceeded the latent 
energy of liquid entering the sublayer. However, 
Mudawwar et al. extended their model to account for 
liquid subcooling. The ratio of subcooled to saturated 
CHF was presented in the form 

%?.;b _ [1 ; "~f~]"~[l+o.16Pf~-fdj2'3 

where 

(8) 

%!g = 0.21 (ET3 (&~42. (9) 

In the present study, flow boiling experiments were 
performed with FC-72 (product of 3M Company) 
on a 12.7 x 12.7 mm* smooth heater which was flush 
mounted in the wall of a vertical rectangular channel. 
This fluid was chosen for its low boiling point 
(T,,, = 56°C) and unique dielectric properties which 
make it an ideal candidate for direct immersion 
cooling of electronic chips. Boiling curves were 
obtained to determine the parametric influences of 
velocity and subcooling on CHF. A semi-empirical 
model is developed to correlate CHF data with respect 
to both velocity and subcooling. Photographic studies 
were also conducted both to illustrate the progression 
of boiling with increasing flux and to aid in the devel- 
opment of the model. 

2. EXPERIMENTAL APPARATUS 

A schematic of the experimental flow loop is shown 
in Fig. 1. The test section was mounted on a rec- 
tangular flow channel which was constructed from an 
optical grade Lexgard polycarbonate laminate. Fig- 
ures 2 and 3 show detailed schematics of the flow 
channel geometry and end reservoirs, respectively. 
The inlet reservoir contained a nozzle to convert the 
flow from the annular dimensions of the reservoir to 
the rectangular area of the flow channel. Immersion 
heaters in the two reservoirs and a condenser in the 
outlet reservoir were used to control the system tem- 
perature. Vapor trapped in the annular region of the 
inlet reservoir was routed into the outlet reservoir 
via a vapor release line. The outlet reservoir drained 
directly to the magnetically-coupled centrifugal 
pump, following which a bypass line leading back to 
the outlet reservoir was used to attain lower velocities 
in the flow channel. The main flow line contained a 
water cooled flat plate heat exchanger, used for fluid 
subcooling, followed by a 5 pm filter and a turbine 
flowmeter. The filter was mounted in a bypass, which 

was closed off during high velocity experiments to 
reduce flow blockage. 

The system was deaerated before each experimental 
run by circulating fluid through the flow loop and 
supplying power to the immersion heaters. The mix- 
ture of vapor and air was released at the upper section 
of the outlet reservoir and routed into the pressur- 
ization tank. The immersion heater in this tank was 
then operated to force vapor and air to the secon- 
dary condensate tank. Finally a reflux condenser 
allowed air to escape from the system while recon- 
densing the vapor. At the end of deaeration, the 
pressurization tank was closed off, and power to its 
immersion heater was adjusted to attain the desired 
system pressure. Fluid subcooling was achieved by 
controlling the flow of cold water to the flat plate heat 
exchanger. As the fluid in the flow loop cooled and 
contracted, the channel pressure was maintained by 
adjusting the powerto the pressurization tank. 

Two different test heaters were used in this study 
to simulate high power density electronic chips. The 
design of the first heater, shown in Fig. 4(a), was 
based on a calorimeter bar concept. The heat source 
consisted of an oxygen-free copper bar with a cyl- 
indrical cartridge heater embedded in its back end. 
The heat flux was measured by four thermocouples 
spaced along the other square-shaped end of the bar. 
A heater chip attachment was soldered to the heater 
bar so that different types of surfaces could be tested 
using a single base heater. A thermocouple embedded 
in the chip was used to extrapolate the surface tem- 
perature based as the measured heat flux. In some 
experiments three thermocouples were placed along 
the length of the chip as shown in Fig. 2 in order to 
measure longitudinal variations in surface tempera- 
ture. It was found that at the highest flux, the 
maximum deviation between the upstream and down- 
stream thermocouples was 2.2”C and the middle ther- 
mocouple was generally within 0.5% of the mean 
value of the extreme temperatures. Thus the middle 
thermocouple provided a reliable average surface tem- 
perature. 

Because of the length of the heater bar, the tem- 
perature at the back of the heater during high flux 
experiments was above the limit of the G-10 fiberglass 
flange. Thus a second heater of shallower construction 
was built with a higher temperature G-7 fiberglass 
flange for high flux testing. As shown in Fig. 4(b), the 
second heat source consisted of a nickel-chromium 
wire embedded in rectangular grooves machined into 
one boron nitride plate, and sandwiched with another. 
The package was then inserted in a square-shaped 
oxygen-free copper housing which supplied heat to the 
chip attachment. The housing also provided thermal 
damping against sudden temperature rise at CHF. A 
ceramic plate behind the heat source provided insu- 
lation against heat loss from the back of the heater. 
Copper lead wires silver soldered to the nickel-chro- 
mium heating element were isolated from the stainless 
steel back plate by a coating of high temperature 
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FIG. 3. Cross-sectional diagram of the flow channel and end reservoirs. 

epoxy. The heat flux was obtained by measuring elec- 
trical power input which was corrected for heat loss. 
A correction factor was approximated by comparing 
data for both heaters at 24°C subcooling. The per- 
centage difference was nearly constant at about 4.0% 
throughout the velocity range. Thus a correction 
factor of 0.96 was employed with all measurements 
obtained with the high flux heater. 

Data were taken by setting heater power to the 
desired level and waiting for temperatures in the 
heater to reach steady-state values. Temperatures and 
electrical power signals were then measured and re- 
corded using a Keithley System 500 data acquisition 
system along with a Compaq 286 microcomputer. The 
uncertainty of all measurement devices in the system 
was below 0.25% as determined by the makers of 
these devices. 

3. RESULTS AND DISCUSSION 

Experiments were performed with FC-72 at near 
atmospheric pressure covering mean flow velocity and 

subcooling ranges of 0.22 m s-’ and @-WC, respect- 
ively. Properties of saturated FC-72 at atmospheric 
pressure are given in the Appendix. Some rep- 
resentative experimental runs involved the use of 
photographic techniques to trace the development of 
the boiling process prior to, and after CHF. The 
transparent flow channel provided optical access in a 
direction normal to the chip surface. Side views of the 
bubble boundary layer were also photographed to 
better understand the influence of flow conditions on 
vapor blanket formation near CHF. 

Figure 5 depicts the influence of velocity on boiling 
at near saturated core conditions. Unfortunately the 
photographs shown greatly exaggerate the waviness 
of the substrate surrounding the chip. This was caused 
by reflections of the powerful light source used in the 
flow visualization experiments. The recess between the 
two surfaces was measured by means of a thickness 
gage before and after each run to ensure flush contact 
between the chip and the substrate. 

As shown in Fig. 5 nucleation always occurred at 
the downstream edge of the heater, the site of highest 
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liquid superheat. Increasing the heat l&x resulted in 
activation of a larger number of cavities and moved 
the nucleation front toward the upstream edge of the 
heater. For a velocity of 0.5 m s-t boiling incipience 
was accompanied by rapid nucleation over most of 
the heated surface. Compiete nucleation of the surface 
occurred at a flux slightly over 30% of CHF. At 2.25 
m s-’ incipience was confined to a small downstream 
portion of the surface and full nucleation required in 
excess of 75% of the burnout flux. Bubble size and 
bubble boundary layer thickness were significantly 
reduced with increasing velocity. At 99% of CHF a 
large mass of vapor accumulated over the surface 
of the chip. At U = 0.50 m s-l the vapor formed a 
continuous blanket except for nucleation sites at the 
upstream edge of the heater. The blanket was inter- 
rupted by liquid contact with the wall when the vel- 
ocity was increased to 2.25 m s-l, leading to the for- 
mation of much smaller blankets which spanned the 
surface of the chip. Cooling of the surface in both 
cases was still possible by a liquid sublayer which 
remained at the wall beneath the vapor layer. Burnout 
at lower velocities was accompanied by dryout of the 
sublayer over the downstream portion of the heater 
while, at high velocities, CHF was triggered by dry 
patches occurring beneath the small discrete vapor 
blankets at random locations on the boiling surface. 
The sublayer dryout phenomenon was most dis- 
cernible by the naked eye or through the use of high 
speed video photography since the transient dryout 
of the sublayer could be clearly detected beneath the 
vapor blanket. 

Figure 6 shows successive stages of boiling photo- 
graphed during a subcooled flow experimental run. 
The two major effects of subcooling are a reduction 
of bubble diameter upon departure from the surface 
and condensation of vapor over a short distance 
downstream from the heater. However, the CHF 
mechanism was very similar to that of saturated flow 
at the same velocity : formation of a continuous vapor 
blanket and dryout of the liquid sublayer beneath the 
blanket. 

The effect of velocity on the boiling curve is shown 
in Fig. 7. Figure 7(a) shows data for three flow vel- 
ocities obtained near saturated conditions. Increasing 
velocity had a significant enhancement effect in the 
single-phase and lower nucleate boiling regions, which 
diminished considerably near CHF. Similar trends 
were also obtained with similar flow velocities and 
inlet subcooling of 15.7”C as shown in Fig. 7(b). 
Incipience at the lowest velocity was accompanied by 
a temperature excursion not encountered with higher 
velocities. There are many factors which inguence this 
excursion, including surface characteristics and the 
distribution and history of vapor embryos inside wall 
cavities. In order to achieve consistent surface charac- 
teristics for all experimental runs, the surface was 
treated with a high pressure jet of air, water and abras- 
ive and cleaned with acetone prior to obtaining each 

boiling curve. Also the gap between the heater and 
substrate was carefully sealed with silicone rubber 
glue to avoid premature incipience from occurring 
within the gap. The data of Fig. 7(a) were taken with- 
out this seal and consequently show no hysteresis. In 
spite of these precautions, there were inconsistencies 
in the magnitude of the excursion. Figure 7(b) shows 
excursions associated with flow velocities of 0.3 and 
3.1 m s-l but none for 1.0 m s-‘. Nevertheless, it was 
found that for most boiling experiments increased 
velocity resulted in a smaller excursion. This trend can 
be partially explained by the fact that, as the fluid 
velocity increases, the single-phase heat transfer 
coefficient also increases, so that the increase in the 
total heat transfer coefficient at incipience is less pro- 
nounced. Another explanation for the large excursion 
associated with low velocities is the drastic pro- 
gression of boiling following incipience. Because the 
maximum surface temperature occurs along the 
downstream edge of the heater, boiling is most likely 
to commence in that location. The force created by 
fluid motion tends to push vapor away from non- 
boiling portions of the heater. Figure 5 shows that 
following incipience, lower velocities enable boiling 
to spread spontaneously over a large portion of the 
surface, while higher velocities create larger forces 
on the bubbles, inhibiting rapid propagation of the 
nucleation front toward the upstream edge of the 
heater with increased heat flux. 

The effect of subcooling on the boiling process is 
shown in Fig. 8. In this case, enhancement was very 
substantial near CHF. There was also a general trend 
of decreased temperature excursion at incipience with 
increasing s&cooling. This trend could also be attri- 
buted to the controlled propagation of the nucleation 
front at incipience. Subcooling results in smaller 
bubbles, which are less likely to spread to neighbor- 
ing nucleation sites than the larger bubbles associated 
with saturated boiling. 

CHF data were taken over a velocity range from 
0.22 to 4.1 m s-t and at levels of subcooling equal to 
4.0, 14.7, 24.7 and 447°C. Figure 9 shows the vari- 
ation of CHF with velocity at the four subcooling 
levels. Each of the three cases with higher subcooling 
shows a transition from a lower slope at lower velocity 
to a steeper slope at high velocity. This trend is evi- 
dence of a marked change in the CHF mechanism 
associated with increased velocity. From Figs. 5 and 
6 it could be concluded that the lower velocity range 
corresponds to dryout following the formation of a 
single continuous vapor blanket. On the other hand, 
CHF in the high velocity range is triggered by dryout 
beneath blankets which cover smaller portions of the 
heated surface. Figure 9 shows increased subcooling 
inducing transition between the two CHF regimes at 
lower velocity. Apparently the thinning effect sub- 
cooling creates on the bubble layer provides greater 
opportunity for liquid to break through the vapor 
blanket. 
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FZG. 6. Successive stages of boiling development in subeooied flow. U = 0.50 m s-‘, AT,,, = 15’ C. 

4. CHF MODEL FOR SUBCOOLED CHANNEL 

FLOW 

Flow visualization and photographic analysis of the 
development of nucleate boiling prior to, and during 
CHF revels the existence of two distinct burnout 
regimes. As shown in Fig. 9 the low and high velocity 
CHF regimes are primarily determined by flow vel- 
ocity and, to some degree, by liquid subcooling. 

Figure 10(a) shows a schematic representation of 
CHF in the low velocity regime. CHF in this regime 
was characterized by the development of a vapor 
blanket which thickened in the direction of fluid 
flow. Just before CHF the blanket became fairly con- 
tinuous except for the upstream portion of the heater, 
where severe boiling was still visible. Boiling per- 

sisted beneath the upstream portion of the blanket 
and gradually diminished further downstream. Sup- 
pression of nucleate boiling over the downstream por- 
tion of the blanket is evidence that evaporation of the 
liquid sublayer beneath the blanket is the dominant 
m~ha~sm for heat transfer in that region. Thus, 
cooling of the heat source just prior to CHF is depen- 
dent on boiling and evaporation of liquid entering 
the sublayer from the subcooled core region of the 
channel. 

Figure 10(b) shows a schematic of high velocity 
CHF based on flow visualization experiments. This 
regime differs markedly from the first regime due to a 
much smaller thickness of the bubble layer compared 
to low velocity CHF and to the inte~i~tent pattern 
of vapor blanket formation at CHF. Increasing flow 



Critical heat flux in subcooled flow boiling of fluorocarbon liquid 389 

10’ 

~ 

W Incipience 

- CHF 

- CtiF 

1 
ar,., ‘;.c) 100 

(b) 

FIG. 7. Effect of flow velocity on the boiling curve for 
(a) AT,,, = 2S”C and (b) AT,, = 157°C. 

velocity increased the shear and drag forces on indi- 
vidual bubbles growing at the wall, resulting in rapid 
departure of bubbles within a very short period fol- 
lowing nucleation. Entrained bubbles were also much 
smaller than those observed in low velocity flow. Just 
before CHF a thin vapor layer covered the boiling 
surface as shown in Fig. 5. Unlike low velocity CHF, 
this layer was composed of continuous blankets much 
smaller in size than the chip surface. Thus the liquid 
sublayer was inte~ttently fed with liquid between 
these small blankets instead of originating at the 
upstream edge of the heater. The authors postulate 
that the breakdown of the vapor layer to smaller 
blankets at high velocity is the result of a Hehnholtz 
instability occurring at the liquid core-vapor blanket 
interface parallel to the wall due to the large vel- 
ocity difference between the liquid core and vapor 
blanket. 

10’ 
1 100 

FIG. 8. Effect of subcooling on the boiiing curve for U = 
3.1 m 5-l. 
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FIG. 9. Variation of CHF with velocity and subcooling. 

The proposed model addresses low velocity CHF, 
which is characterized by the dryout of a liquid 
sublayer beneath a continuous vapor blanket. This 
burnout mechanism was proposed by Haramura and 
Katto [15] for many types of saturated boiling 
systems. They postulated that, during vigorous 
boiling, vapor jets leaving the wall are rendered hydro- 
d~ami~lly unstable due to a ~el~oltz instabiiity 
occurring at the interfaces between the jets and the 
surrounding liquid. This instability quickly develops 
to form a continuous vapor blanket. Just before CHF 
the blanket covers the entire boiling surface except for 
the upstream edge of the heater. They maintained 
that, following vapor blanket formation, the wall 
becomes totally dependent on cooling provided by 
Iiquid entering the sublayer beneath the blanket. 
These phenomena are consistent with the obser- 
vations of Mudawwar et al. [16] for CHF in a liquid 
film of FC-72 flowing at velocities similar to those of 
the present study. 

It should be emphasized that Fig. 10(a) is based 
on visual studies as well as videographic techniques 
employed in the present study. Nevertheless, the 
observed formation and dryout of the thin liquid 
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FIG. 10. Schematic representation of (a) low velocity CHF rend (b) high velocity CHF. 

sublayer beneath a large vapor blanket just before 
CHF are reminiscent of the CHF observations of 
Gaertner [i4] and Mudawwar et al. [IS]. 

The sublayer dryout model of Haramura and Katto 
was extended by Mudawwar et al. to subcooled flow ; 
yet, neither of the two models took into account the 
external velocity profile effect on the mass flow rate 
of liquid penetrating into the sublayer. 

In the present study a turbulent velocity profile was 
established in the flow channel upstream of the heater. 
The laminar sublayer thickness was estimated to be 
smaller than 0.015 mm for the entire low velocity CH F 
regime. This thickness was much smaller than the 
vapor blanket thickness at the upstream edge of the 
heater which was typically of the order of 0.52 mm. 
Thus, the fully developed velocity profile upstream of 
the heater can be approximated as [ 171 

“’ (10) 

where the friction velocity u* is related to the mean 
velocity U by 

u* = J( 1 +J (11) 

and the friction coefficient C, for turbulent flow 

through a smooth channel is given by the Blasius 
equation 

0.079 
c,- = .$,.“. 

Total dryout of subcooIed liquid entering the sublayer 
at CHF requires that 

where 6,, is the liquid subiayer thickness at the 
upstream edge of the heater. Substituting equations 
(lo)-(12) in dryout criterion (13) gives 

The upstream thickness 6, of the sublayer can be 
determined from the boifing conditions just before 
CHF. Mass conservation between vapor jets leaving 
the surface at velocity ug, and the counter flow of 
liquid approaching the surface al velocity uf, requires 
that 
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PgUgA, = P&4 -Ag) (15) 

where A, is the cross-sectional area of a vapor jet and 
A the area of one boiling cell which includes a single 
jet and the surrounding liquid. 

Assuming the incoming liquid absorbs the heat 
transfer from the wall in the form of sensible plus 
latent energy, the energy balance can be written as 

~&Tsub 

Pi% 1 . (16) 
The parameter pfcPfAT,,,/pJrf, is the ratio of sensible 
heat added to a discrete volume of liquid to the latent 
heat of an equal volume of vapor released by vapor 
effusion. The empirical coefficient Csub accounts for 
the volumetric ratio associated with bubble-liquid 
exchange prior to CHF. 

Increasing heat flux during vigorous boiling prior 
to CHF increases the relative velocity between the two 
phases. The Helmholtz instability occurs when this 
relative velocity satisfies the criterion [ 161 

FIG. 11. Comparison of CHF model predictions with exper- 
imental data. 

Substituting equation (19) for 6, in dryout criterion 
(14) gives the following expression for CHF : 

q* = qJlp& 
m ___ = 1.052$ w3 

u 

The Helmholtz wavelength 1,, in equation (17) is 

lu,-(-u,)I* 2 2n;f;;;pg). 

proportional to a,,.,, the length of upstream vapor jets. 

(17) 

That is 

8 m 

&Xrn = C&n (18) 

where C, is a constant coefficient of the order of unity. 
Equation (18) indicates that the liquid subfilm left 
beneath the large coalescent blanket is formed by 
breakdown of the vapor jets due to the Helmholtz 
instability. This breakdown occurs at the first inter- 
facial wave crest near the heated wall when the wave 
amplitude becomes unstable. Combining equations 
(15)-( 18) gives the following expression for sublayer 
thickness : 

where 

(19) 

2 

. (20) 

Following ref. [16], the ratio A,/A is assumed to 
be a very weak function of pressure. Furthermore, 
ps/pf c 1 under normal operating conditions. Thus, 
$ is fairly constant for the conditions of this study. 

. (21) 

The empirical constants of the CHF model 
(1.0521/18123 = 0.161 and Csub = 0.021) werecorrelated 
using CHF data corresponding to the low velocity 
CHF regime only. Figure 11 shows a comparison 
between model predictions and the entire CHF data 
base (p,/p, = 0.0095-0.0102, c,,AT,,,/h, = 0.0170- 
0.5783). Equation (21) correlates the low velocity data 
with a mean absolute error of 7.1%. Departure from 
the correlation is more pronounced in the high vel- 
ocity CHF regime due to the vapor blanket break- 
down phenomenon discussed earlier. 

Figure 12 shows a comparison between the present 
correlation and correlations for saturated CHF in a 
parallel submerged jet [9] and in a falling liquid film 
[16]. Also shown are CHF data obtained by Umaya 
[18] for short heated sections in an annular channel. 
It is interesting to note the similar slopes of the present 
correlation and of the falling film study in the low 
velocity region. The reduced magnitude of CHF in 
falling films can be attributed to the tendency of free 
flowing liquid layers to separate away from the surface 
during severe boiling [ 161. The present model shows 
good agreement with Umaya’s data for three different 
heater lengths. Departure of Umaya’s long heater 
data from the present correlation and from his short 
heater data may be the result of vapor blanket break- 
down over the heated length for L/D, = 9.5. The 
slope of the submerged jet correlation of Katto and 
Kurata is more characteristic of the high velocity 
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we’ = qp, u2 L 

FIG. 12. Comparison of present and previous flow boiling CHF data and correlations 

CHF regime of the present study. Nevertheless the 
two correlations predict similar values of CHF for 
WC’ - 1.8 x IO- 4. 

The CHF dependence on density ratio predicted by 
equation (21) cannot be verified from the present data 
since all the experiments were performed near atmo- 
spheric pressure, which corresponds to a density ratio 
of 0.0095-0.0102. In a recent study, Katto et al. [8] 
analyzed data obtained from prior studies for CHF 
in cross flow of saturated liquid on a uniformly heated 
cylinder. They presented the following generalized 
correlation for data over a density ratio range 
p&,/pr = 0.005-0.4 : 

Ym 
0 0058Sy’ + 0.500 --= . 

pp u&g Pf 

The exponent of the inverse Weber number has a 
fairly constant value of 0.303-0.404 for the entire den- 
sity ratio range of equation (22). However, the other 
density ratio multiplier shows significant departure 
from the exponential form (pr/p,)” commonly 
employed in CHF correlations. The authors postulate 
that the variations in the density ratio function of 
equation (22) are the result of significant changes in 
the CHF mechanism with pressure. Figure 10 displays 
one example of the influence of flow velocity alone 
on CHF. Density ratio (or pressure) also strongly 
influences the formation and thickness of the vapor 
blanket and may lead to different sublayer dryout 
mechanisms. CHF models should then be based on 
visual and photographic analysis of the boiling surface 
within well defined ranges of operating conditions. 
Thus, the usefulness of equation (21) should be limited 
to low velocity CHF and for density ratios close to 
those of the present study. It should also be equally 

emphasized that the CHF correlation cannot be 
extrapolated to pool boiling conditions since equation 
(21) gives qm = 0 for U = 0. Again the velocity bound 
of U = 0.22 m s-’ corresponds to the lowest Weber 
number for which equation (21) is valid. 

5. SUMMARY 

Experiments have been performed to determine the 
effects of flow velocity and subcooling on CHF from 
a simulated electronic chip attached to the wall of a 
vertical rectangular channel. Key results are as fol- 
lows. 

(1) Higher CHF was achieved with higher flow 
velocities. Increasing velocity reduced the thickness of 
the bubble layer and enhanced contact of liquid with 
the heated surface at high Ruxes. CHF was also sig- 
nificantly enhanced by increasing the degree of sub- 
cooling. 

(2) Two distinct CHF regimes were identified 
through flow visualization and experimental data. 
Low velocity CHF was accompanied by the formation 
of a continuous blanket over the entire heated surface 
and the dryout of a liquid sublayer beneath the 
blanket. High velocity CHF was characterized by 
the formation of small vapor blankets occurring 
randomly over the heated surface due to a Helmholtz 
instability at the interface between the liquid core 
and vapor layer in a direction parallel to the surface. 

(3) A new model was developed for subcooled 
low velocity CHF. It was assumed that the vapor 
blanket associated with this CHF regime is formed 
by a Helmholtz instability occurring at the interface 
between vapor jets normal to the surface jets and the 
surrounding liquid. Burnout was assumed to occur 
when the sensible and latent energy of the subcooled 
liquid entering the liquid sublayer beneath the blanket 
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was smaller than the supplied heater power. The pro- 

posed model showed excellent agreement with exper- 

imental data. 
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APPENDIX. PROPERTIES OF FC-72 

FC-72 is an inert dielectric fluid produced by 3M Company 
for direct immersion cooling of electronic chips. It is derived 
from hydrocarbon compounds by replacing all the carbon- 
bound hydrogen atoms with fluorine atoms. Most of the 
property values used in this study are based on tables sup- 
plied from the Industrial Chemical Products Division of 3M 
Company. The surface tension was measured at the Boiling 
and Two-phase Flow Laboratorv of Purdue Universitv using 
a Kruss KS ring-type interfacial tensiometer equipped with 
a constant temperature bath. The properties of saturated 
FC-72 at atmospheric pressure are listed in Table Al. 

Table A 1. Properties of saturated FC-72 at atmospheric pressure 

% 
(J kg-’ K-‘) (J $1) 

Pf 
(kg m-‘) 

Pg 
(kg m-‘) (N L-1) 

56 1096 84 730 1620 13.01 0.00948 

FILM THERMIQUE CRITIQUE DANS L’ECOULEMENT, AVEC EBULLITION SOUS- 
REFROIDIE, DE FLUOROCARBURE LIQUIDE SUR UNE CHIP ELECTRONIQUE DANS UN 

CANAL RECTANGULAIRE VERTICAL 

RCum&Des experiences sont faites sur le CHF pendant l’ecoulement, avec tbullition sous-refroidie, dun 
fluorocarbure ditlectrique (FC-72) liquide sur une simulation de chip tlectronique lisse 12,7 x 12,7 mm*, 
dans un canal rectangulaire et vertical. Aux faibles vitesses d’ecoulement, le CHF est accompagne de la 
formation dune nappe continue de vapeur et de l’assechement d’une sous-couche liquide entre la nappe 
et la chip. De grandes vitesses reduisent l’epaisseur de la nappe de vapeur et maintiennent un contact partiel 
de liquide sous-refroidi du coeur de l%coulement avec la chip. Des donnees experimentales obtenues dans 
le regime de basse vitesse sont en bon accord avec les predictions dun nouveau modele de CHF qui tient 
compte des effets du profils de vitesse du liquide, du sous-refroidissement du liquide et de la geomttrie 

d’tcoulement. 
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DIE KRITISCHE WARMESTROMDICHTE AN EINEM SIMULIERTEN 
ELEKTRONISCHEN CHIP BE1 UNTERKUHLTEM STRGMUNGSSIEDEN EINES 

FLUORKOHLENSTOFFS IN EINEM VERTIKALEN RECHTECKKANAL 

Znaammenfassung-Es wurden Versuche durchgefiihrt zur Korrelation und Modellierung der kritischen 
Warmestromdichte (CHF) an einem simulierten, ebenen, 12,7 x 12,7 mm’ groBen, elektronischen Chip 
bei unterkiihltem Striimungssieden von dielektrischem Fluorkohlenstoff (FC-72) in einem vertikalen 
Rechteckkanal. Zwei ausgepragte CHF-Bereiche wurden anhand der experimentellen Daten und der 
Stromungsbeobachtungen festgestellt. Bei niedrigen Stromungsgeschwindigkeiten bildet sich bei der 
CHF ein geschlossener Damptlilm, und die Fliissigkeitsunterschicht zwischen dem Dampffilm und dem Chip 
trocknet aus. Hiihere Striimungsgeschwindigkeiten verringern die Dampffilmdicke und fiihren zu stellen- 
weisem Kontakt der unterkiihlten Fliissigkeit aus dem Kern mit dem Chip. Dies hat die Bildung von 
einzelnen Dampfzonen zur Folge, die vie1 kleiner als die SiedeoberIIlche des Chips sind. Die im Bereich 
niedriger Geschwindigkeiten aufgenommenen Versuchsdaten stimmen sehr gut mit den Werten eines 
neuen CHF-Modells iiberein, das den EinfluD des Geschwindigkeitsprolils der Fliissigkeit, der Fliissigkeits- 

unterkiihlung und der Strijmungsgeometrie beriicksichtigt. 

KPHTH9ECKMti TEI-IJIOBOfi IIOTOK I-IPH KHI-IEHHH XHjJKOI-0 HEAOFPETOI-0 
(PTOPOYFJIEPOAA, OBTEKAIOQEFO MOAEJIbHbIti 3JTEKTPOHHbIR 9HI-I B 

BEPTHKAJIbHOM ITPXMOYI-OJIbHOM KAHAJIE 

h"OTZU,"S-npOBeAeHb1 XCIIepLiMeHTbI o6o6ueHwr H MOAenSipOBaHElR KpHTEiWCKOrO TeIUIOBOrO 

nOTOKa (KTfI)npu KmeHm mi~~oro HeAofpeToro AH3JIeKTpauecKoro @TOpOyUIepOAa (@Y-72),o6re- 
KafOlI4eTO MOAeJIbHbIii WIeKTpOHHbIfi 'NilI B BepTElKUbHOM IIpXMOyrOAbHOM KaHaJIe. Ha OCHOBe BH3J’a- 
,,H3aUHH IlOTOKa U 3KCIIepHMeHTUbHbIX AaHHbIX yCTaHOBneHbl ABa OTYeTnWBO BblparteHHbIX PeXWMa 

KTII. Hpn HU~KUX CKOPOCTXX TegeHm KTTI Canaan c 06paaoeaaHeM cnnOmHOrO cnon napa H BbICbIXa- 
HHeM IKHAKOrO IIOACnOR MeXUZy IlapOBbIM CnOeM U lTOBe&WioCTblo. r&W 6onee BMCOKBX CKOPOCTKX 

TOn~IIHa~apOBOrOCnORyMeHb~aeTCK~~pO~CXO~T~aclH~H~KOHTaKTH~OBaH~eMe~yHeAOr~eTOii 

TUAKOCTLIO U ItOBepXHoCTblO, ST0 npHBOAHT K o6pa3osaHmo AIiCKp'ZTHblX IIapOBbIX CnOeB, pa3Mep 

KOTOpbIX HaMHOrO MeHb,IIe I'IOBepxHOCTIl KUlleHWR. 3KCIIepHMeHTWIbIibIe AaHHbIe, nOAyqeHHbIe B 

~maMeHe6Onb~aXCKO~OCTeii,XO~O~OcornacyIoTc~C~~C~eTaMH~O HOBOit MOAeJW KTI-I, B KOTOpOfi 


