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This study explores the mechanism of flow boiling critical heat flux (CHF) for FC-72 in a 2.5 mm � 5 mm
vertical upflow channel that is heated along its 2.5 mm sidewall downstream of an adiabatic develop-
ment section. Unlike most prior CHF studies, where the working fluid enters the channel in liquid state,
the present study concerns saturated inlet conditions with finite vapor void. Temperature measurements
and high-speed video imaging techniques are used to investigate the influence of the inlet vapor void on
interfacial behavior at heat fluxes up to CHF as well during the CHF transient. The flow entering the
heated portion of the channel consists of a thin liquid layer covering the entire perimeter surrounding
a large central vapor core. Just prior to CHF, a fairly continuous wavy vapor layer begins to develop
between the liquid layer covering the heated wall and the heated wall itself, resulting in a complex
four-layer flow consisting of the liquid layer covering the insulated walls, the central vapor core, the
now separated liquid layer adjacent to the heated wall, and the newly formed wavy vapor layer along
the heated wall. This behavior in captured in a new separated control-volume-based model that facilities
the determination of axial variations of thicknesses and mean velocities of the four layers. Incorporating
the results of this model in a modified form of the Interfacial Lift-off CHF Model is shown to provide fairly
good predictions of CHF data for mass velocities between 185 and 1600 kg/m2 s, evidenced by a mean
absolute error of 24.52%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The ability to predict critical heat flux (CHF) is of paramount
importance to the safety of devices and systems involving boiling
along heat-flux-controlled surfaces. Exceeding CHF amounts to
catastrophic failure due to overheating or physical burnout. There
are several methods to increasing CHF in order to broaden the per-
missible range of wall heat flux. They include surface augmenta-
tion and use of high mass velocities, high subcooling and short,
small diameter channels [1]. Supplying the working fluid to the
channel in highly subcooled state is especially beneficial because
of the fluid’s ability to extract a significant portion of the supplied
wall energy in the form of sensible heat prior to evaporation. This
explains the popularity of subcooled flow boiling in many applica-
tions demanding the removal of large heat loads concentrated in
small surface areas, such as nuclear cores, radar and directed-
energy laser and microwave defense electronics [1].

However, there are many flow boiling applications where a sin-
gle two-phase loop is used to cool a multitude of heat dissipating
ll rights reserved.
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modules. One application where this configuration is being consid-
ered is thermal control onboard future space vehicles. NASA’s
space shuttles use a single-phase loop to cool a number of elec-
tronic and power modules. But the complexity of future space
vehicles will require significant reductions in both weight and vol-
ume of all subsystems, including thermal control. To achieve this
goal, emphasis is now being placed on replacing the single-phase
thermal control loop with a two-phase loop to capitalize upon
the orders-of-magnitude enhancement in heat transfer coefficients
possible with flow boiling and condensation in a two-phase loop
[1]. Here too, CHF is a crucial design parameter, compounded by
the limited ‘power budget’ of space systems placing stringent lim-
its on both the maximum coolant flow rate and maximum pressure
drop for the loop. Another limitation of this two-phase configura-
tion is the gradual loss of fluid subcooling for modules that are
mounted in series, where downstream modules have to contend
with only saturated flow boiling with a finite vapor void fraction.
Determining the influence of this inlet vapor void on flow boiling
CHF is the primary focus of the present study.

Past studies have identified four possible trigger mechanisms
for CHF in flow boiling: Boundary Layer Separation, Bubble Crowding,
Sublayer Dryout, and Interfacial Lift-off. The Boundary Layer
Separation Model is based on the postulate that CHF occurs when
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Nomenclature

A cross-sectional area of flow channel
b ratio of wetting front length to wavelength
Cf,i interfacial friction coefficient
D diameter
Dh,e equivalent heated diameter
f friction factor
G mass velocity
g gravitational acceleration
H height of flow channel; layer thickness
h enthalpy
hfg latent heat of vaporization
Dhsub,i inlet subcooling
L heated length
P pressure
Ph heated perimeter
Pi interfacial perimeter
PR reduced pressure in Bowring correlation
Pw perimeter in contact with channel walls
q00 wall heat flux
q00m critical heat flux
q00m0 critical heat flux based on channel heated area for zero

inlet subcooling
Re Reynolds number
T temperature
U mean axial velocity
ui interfacial velocity
w width of flow channel
W total mass flow rate
We Weber number
W 0

fg rate of liquid evaporation along interface between
heated wall liquid and vapor layers

x vapor mass flow quality
xf liquid mass flow fraction

z axial (stream-wise) distance
z0 axial location where vapor layer velocity just exceeds li-

quid layer velocity
z⁄ axial location for determining vapor layer thickness and

critical wavelength in Interfacial Lift-off Model

Greek symbols
a vapor (area-based) void fraction
d vapor layer thickness
ef liquid area fraction
kc critical wavelength
l dynamic viscosity
q density
q00 modified density
r surface tension
i interfacial shear stress
w wall shear stress

Subscripts
1 insulated wall liquid layer
2 middle vapor core
3 heated wall liquid layer
4 heated wall wavy vapor layer
exp experimental (measured)
f saturated liquid
g saturated vapor
i inlet to heated portion of flow channel; interface
k phase k, k = g or f
o exit from heated portion of flow channel
pred predicted
w wall
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the rate of vapor production normal to the heated wall reaches a
critical magnitude that causes the liquid velocity gradient near
the wall to become vanishingly small, resulting in separation of
the liquid from the wall [2,3]. The Bubble Crowding Model is built
on the premise that CHF commences when turbulent fluctuations
in the core liquid flow become too weak to supply liquid across
the thick bubbly wall layer [4,5]. The Sublayer Dryout Model is
based on the assumption that CHF occurs when the heat supplied
at the wall exceeds the enthalpy of liquid replenishing a thin sub-
layer that forms beneath oblong, coalescent vapor bubbles at the
wall [6]. The Interfacial Lift-off Model was constructed in the early
1990s by Galloway and Mudawar [7,8] based on extensive high-
speed video and photo-micrographic study of near-wall interfacial
features. The model is built upon the observation that, prior to CHF,
the vapor coalesces into a fairly continuous vapor. The wavy inter-
face between the core liquid and vapor layer continues to make
contact with the heated wall in the wave troughs - ‘wetting fronts’
- where the cooling persists. According to the Interfacial Lift-off
Model, the trigger mechanism for CHF is ‘lift-off’ of wetting fronts
from the wall due to intense vapor effusion.

One of the most complicating parameters that influence flow
boiling CHF is orientation relative to Earth’s gravity. Zhang et al.
[9] examined this influence for flow boiling with zero inlet vapor
void in a rectangular channel that was heated along one side. Their
study revealed several complex mechanisms for CHF depending on
the combined effects of flow velocity, flow orientation, and place-
ment of the heated wall relative to gravity. Low velocity flows were
especially complex because weak liquid inertia allowed buoyancy
to have a profound influence on relative motion between the
phases. Different CHF mechanisms were encountered at low veloc-
ities, dominated by either pool boiling, stratification or flooding.
The strong influence of orientation was evidenced by the observa-
tion that CHF values for certain orientation were much smaller
than those for vertical upflow. For vertical (and near-vertical) up-
flow orientations only the Interfacial Lift-off mechanism was ob-
served as a precursor to CHF. Another key finding from the study
by Zhang et al. is the existence of a threshold flow velocity above
which the influences of buoyancy and, therefore, flow orientation
become negligible. Above this velocity limit, the Interfacial Lift-
off mechanism was observed for all orientations and virtually iden-
tical CHF values were measured regardless of orientation.

Zhang et al. [10] later tested the same flow boiling setup in par-
abolic flight to simulate zero gravity. Sans buoyancy effects, CHF
was triggered by the Interfacial Lift-off mechanism even at low
flow velocities. Zhang et al. [11] also developed empirical relations
to predict CHF for flows with appreciable inlet subcooling based on
previous correlations by Hall and Mudawar [12–14]. Later, they
developed a technique for modifying Galloway and Mudawar’s
[7,8] original Interfacial Lift-off Model to account for inlet subcool-
ing by the partitioning between sensible and latent heat using a
‘heat utility ratio’ term [15].

One of the difficulties in predicting flow boiling CHF is the abil-
ity to determine the velocities of the vapor and liquid portions of
the flow. Researchers have relied on both the homogenous equilib-
rium model (HEM) and separated flow models (SFMs) [16,17] to
achieve this goal. The HEM is by far the simplest and facilitates
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obtaining analytical solutions for key flow variables. However, be-
cause it is based on the assumptions that velocities of the liquid
and vapor phases are both equal and uniform across the flow chan-
nel’s cross section, this model cannot predict the velocity differ-
ences between the phases known to produce the interfacial
instabilities implicit in CHF models. By permitting such differences,
SFMs overcome this fundamental weakness. However, SFMs re-
quire the use of empirical coefficients to achieve solution close
[18–23].

An alternative approach to predicting the velocities of the vapor
and liquid portions of the flow is to use the control volume meth-
od. Here, mass, momentum and energy conservation laws are ap-
plied to control volumes encompassing the liquid and vapor
phases separately, and later combined for the two-phase mixture.
The control volume method proved highly effective in predicting
two-phase behavior for vertical separated flow along short walls
[8] and long heated walls [9,10,24–27].

Unfortunately, none of the prior theoretical CHF models can
tackle saturated flow boiling with a two-phase mixture at the inlet.
It is therefore the primary objective of the present study to explore
experimentally and theoretically saturated flow boiling CHF in ver-
tical upflow with a finite inlet vapor void fraction. As discussed
earlier, this condition is prevalent in downstream heat-dissipating
modules when a number of modules are cooled in series using a
single two-phase flow loop. This study is a follow-up to a recent
study by the authors that addressed similar conditions for horizon-
tal flow boiling in a rectangular channel heated along one upward-
facing wall [28]. Both high-speed video imaging and photo-micro-
graphic techniques are used to map interfacial behavior up to CHF
as well as during the CHF transient. A new control-volume-based
model is used to predict velocities and thicknesses of the various
layers comprising the flow. These predictions are incorporated into
the Interfacial Lift-off Model to predict CHF in the presence of finite
inlet vapor void. The present CHF data are also compared against
the predictions of popular flow boiling correlations. This study is
part of a series of studies concerning the implementation of two-
phase cooling in future space vehicles.
2. Experimental methods

2.1. Flow boiling module

The flow boiling module used in this study is comprised of two
polycarbonate plastic (Lexan) plates that are pressed together be-
tween two outer aluminum plates with the aid of a series of bolts.
As illustrated in Fig. 1(a), a 2.5 mm � 5 mm rectangular flow chan-
nel is milled into the underside of the top plastic plate. Not shown
in Fig. 1(a) is a flexible Teflon cord that is inserted into a shallow o-
ring groove in the upper surface of the bottom plastic plate to
guard against leaks. A honeycomb insert at the channel inlet is
used to straighten the flow and break up any large eddies. The
heated wall is situated towards the downstream end of the chan-
nel. The channel features an entry length 106 times the hydraulic
diameter to make certain that the liquid flow becomes fully devel-
oped upstream of the heated wall. The heated wall consists of a
0.56-mm-thick by 101.6-mm-long copper plate that is heated by
a series of thick-film resistors. The heated wall is inserted into a
rectangular groove in the flow channel’s bottom plastic plate.

Fig. 1(b) depicts the various stages of assembling the heated
wall. Six of 16.1-mm-long by 4.0-mm-wide 188 X thick-film resis-
tors are soldered to the underside of the copper plate. The wall
temperature is measured by five thermocouples inserted into shal-
low holes in the copper plate between the resistors. Equal resis-
tance ensures uniform heat flux along the heated wall, with all
six resistors connected in parallel and powered by a single variable
voltage transformer. As discussed in [10], the thickness of the cop-
per heated wall must be chosen carefully to ensure accurate CHF
measurement. On one hand, a very thin wall can produce CHF that
is a function of wall thickness. A minimum ‘asymptotic wall thick-
ness’ is required to achieve CHF that is both insensitive to wall
thickness and representative of real heat exchange surfaces. On
the other hand, a very large wall thickness can greatly delay the
thermal response of the wall to changes in heat input. A copper
thickness of 0.56 mm proved effective at exceeding the asymptotic
thickness while allowing the wall to reach steady-state tempera-
ture between heat flux increments in less than 5 s. These two
requirements are based on the need to employ the present flow
boiling module in future parabolic flight experiments, where stea-
dy-state thermal response must be achieved within the 23 s micro-
gravity duration of a single parabola.
2.2. Two-phase loop

Fig. 2(a) shows a schematic of the two-phase loop that is config-
ured to condition the FC-72 working fluid to the desired pressure,
flow rate and quality at the inlet to the flow boiling module. Deaer-
ation is achieved with the aid of a detachable accessory containing
a reservoir fitted with an immersion heater, and a water-cooled
condenser. The deaeration is performed before performing a series
of tests.

In the main loop, the FC-72 is circulated with the aid of a vari-
able-speed magnetically coupled pump. The flow passes through a
regulating valve followed by a filter, turbine flow meter, and two
in-line electrical heaters, before entering the flow boiling module.
The purpose of the first in-line heater is to raise liquid temperature
while maintaining single-phase liquid flow. The second in-line
heater causes part of the flow to evaporate in order to achieve sat-
urated flow with the desired flow quality at the inlet to the flow
boiling module. This arrangement enables the determination of
flow quality at the inlet to the flow boiling module from measure-
ments of power input to the second in-line heater and temperature
and pressure measurements both upstream and downstream of
the second in-line heater. A condenser is situated downstream of
the flow boiling module to return the two-phase mixture to liquid
state. A constant pressure point between the condenser and pump
is maintained with the aid of a nitrogen-pressurized accumulator.
This device compensates for any expansion or contraction of the
working fluid throughout the loop with metal bellows internal to
the accumulator.
2.3. Instrumentation and measurement accuracy

An array of instruments is used to measure fluid conditions and
power input throughout the flow loop. Two thermocouples are in-
serted in the FC-72 flow just upstream and downstream of the
heated wall. As indicated earlier, the temperature of the heated
wall in the flow boiling module is measured by five type-K thermo-
couples that are inserted equidistantly into the copper wall. Pres-
sure transducers are also connected to taps in the flow boiling
module 13 mm upstream and downstream of the heated wall. A
wattmeter is used to measure electrical power input to the
heated-wall’s thick-film resistors. The wall heat flux is determined
by dividing the power input by the wetted area of the heated wall.
A second wattmeter is used to measure electrical power input to
the second in-line heater. Temperature and pressure at the inlet
to the second in-line heater are measured with the aid of a thermo-
couple and a pressure transducer, respectively. The flow rate is
measured by a turbine flow meter.

Accuracies of the flow rate, pressure, and heat flux measure-
ments are estimated at 2.3%, 0.01%, and 0.2%, respectively. The fluid



Fig. 1. (a) Flow channel assembly. (b) Construction of heated wall.

Fig. 2. (a) Schematic of two-phase loop. (b) Photo of test facility (flow boiling module is tilted into vertical upflow orientation during testing).
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and wall temperatures are measured with thermocouples having
an uncertainty better than 0.3 �C.

The entire apparatus, including the flow loop components,
power and instrumentation cabinets and data acquisition system,
is mounted onto a rigid extruded aluminum frame as shown in
Fig. 2(b).
2.4. Flow visualization

A Photron Fastcam Ultima APX camera system with a shutter
speed of 1/20,000 is used to capture interfacial features along the
heated portion of the flow channel. High magnification is achieved
with the aid of a Nikon Micro-Nikkor 105 mm f/8D autofocus lens.
As shown in Fig. 3(a), the camera is positioned in a side-view ori-
entation normal to the flow channel. The flow is backlit with a light
source, with a semi-opaque sheet placed in between to soften and
diffuse the incoming light. An optical tripod allows the camera to
traverse the entire vertical length of the heated wall. Optimum res-
olution is achieved by capturing discrete inlet, middle, and exit re-
gions of the heated wall rather than the entire wall. Fig. 3(b) shows
each of these regions spans 20 mm. Together, the three regions
cover nearly 60% of the heated wall.
3. Flow visualization results

Fig. 4 shows 20 sequential video images of the inlet, middle and
exit regions of the heated portion of the channel just prior to CHF
(termed CHF- in the present study). The time elapsed between con-
secutive frames is 1.024/1024 s. Overall, there is a large central va-
por core with liquid flowing near the walls. Due to the restriction



Fig. 3. (a) Flow visualization setup. (b) Inlet, middle and exit regions of heated portion of flow channel used for video capture.

Fig. 4. Twenty sequential images of inlet, middle and exit regions of heated portion of channel captured at CHF- for G = 340 kg/m2 s and xi = 0.0127. Heated wall is on right
side of individual images.
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of side viewing, it is impossible to ascertain the presence of liquid
on the walls normal to the viewing direction, especially in the mid-
dle and exit regions. In the inlet region, there is a wavy vapor layer
developing along the heated wall between a thin liquid layer and
the heated wall. This vapor layer forms immediately at the leading
edge of the heated wall. Image sequences captured at different
times show temporal variations in the vapor layer’s shape and
thickness due to interfacial waviness. Cooling of the wall and vapor
production both appear to be sustained by remnants of liquid
within or beneath the vapor layer. A thin wavy liquid layer appears
to propagate along the opposite non-heated wall.

Formation of the wavy vapor layer along the heated wall resem-
bles behavior observed in prior studies by Galloway and Mudawar
[7,8], Gersey and Mudawar [24,25], Sturgis and Mudawar [26,27]
and Zhang et al. [9]. Unlike the present study, the flow in all these
earlier studies entered the heated portion of the channel in liquid
state, but the wavy vapor layer also commenced near the upstream
edge of the heated wall. In the present vertical channel, the
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presence of a large vapor core at the inlet to the heated portion of
the channel caused a similar behavior to be confined to the vicinity
of the heated wall. Similarities of near-wall wavy vapor layer
behavior between the present and earlier studies suggests that
the Interfacial Lift-off mechanism proposed by Galloway and
Mudawar [7,8] and later by Zhang et al. [15] as the trigger mecha-
nism for CHF for subcooled inlet flow may be equally valid for the
present high inlet vapor void configuration.

Fig. 4 shows the near-wall wavy vapor layer behavior continues
in the middle and exit regions, albeit with noticeable thinning
along the flow direction. This thinning may be explained by the ax-
ial flow acceleration causing substantial increases in shear stresses
between the different flow layers.

Fig. 5(a) and (b) depicts the flow development for the inlet re-
gion with increasing heat flux up to 95% CHF for two different mass
velocities. In the absence of heat input, there is symmetry in flow
behavior along the heated right wall and non-heated left wall,
which is manifest by relatively thin liquid layers at the walls sep-
arated by a large middle vapor core. Notice the marked increase in
interfacial waviness between the two liquid layers and vapor core
with increasing mass velocity. At 50% CHF, bubbles appear to form
within the liquid layer covering the heated wall for both mass
velocities, with the higher mass velocity precipitating an increase
in interfacial waviness. At 95% CHF (or CHF-), there are signs of va-
por bubbles coalescing into a fairly continuous wavy vapor layer
between the right liquid layer and the heated wall.

Fig. 6(a) and (b) shows, for two mass velocities, the flow behav-
ior in the inlet, middle and exit regions at 95% CHF. As discussed
earlier, the most obvious change between the three regions for
each mass velocity is the axial thinning of both the liquid/vapor
layers along the right heated wall and the liquid layer along the left
non-heated wall. The thicknesses of these layers are further re-
duced for the higher mass velocity case.

Fig. 7(a) and (b) shows images of the flow at CHF- and during
the CHF transient (while wall temperatures begin to increase
unsteadily) for G = 340 kg/m2 s in the inlet region and G = 664 kg/
m2 s in the exit region, respectively. For the lower mass velocity,
the layer along the heated right wall appears to disappear alto-
gether as any liquid in this layer is vaporized. This also appears
Fig. 5. Variation of flow boiling behavior in inlet region with increasing heat flux f
to influence the liquid layer along the opposite non-heated left
wall, which is now thinned further by the increase in core vapor
velocity between CHF- and the CHF transient. It is important to
note (as will be discussed later) that CHF commences first in the
inlet region for the lower mass velocity case, and the exit region
for the higher mass velocity. This proves that the behavior depicted
in Fig. 7(a) for the lower mass velocity is a true depiction of CHF
occurrence. Because of higher velocities and higher shear stresses,
and occurrence of CHF in the exit region for the higher mass veloc-
ity case, Fig. 7(b), is more difficult to interpret.

4. Experimental results

Fig. 8 shows boiling curves measured by the heated wall’s ther-
mocouple where CHF commenced first for G = 343, 970 and
1589 kg/m2 s. The heat flux is plotted against the difference be-
tween wall and saturation temperatures based on the most up-
stream thermocouple for G = 343 kg/m2 s and the most
downstream thermocouple for G = 970 and 1589 kg/m2 s. Shown
are both transient and steady state data to illustrate both how
the steady-state boiling curve data are reached following each
power increment, and the clear wall temperature excursion follow-
ing the attainment of CHF. Fig. 8 shows CHF increases monotoni-
cally with increasing mass velocity.

Fig. 9(a)–(c) shows the variations of CHF with mass velocity, G,
inlet quality, xi, and exit quality, xo, respectively. Fig. 9(a) shows the
expected trend of CHF increasing with increasing mass velocity.
Notice how CHF increases faster at low than at high mass veloci-
ties. This increase is far slower above 700 kg/m2 s. Fig. 9(b) and
(c) shows CHF increases with increases in xi and xo. Despite the re-
duced liquid content with increasing quality, this CHF trend can be
explained by the higher quality values increasing liquid velocity
near the heated wall. Notice that the quality range is broader at
low mass velocities. The present experimental setup precluded
the attainment of high qualities for high mass velocities because
of an appreciable increase in pressure drop across the flow channel.

Experiments with mass velocities below 370 kg/m2 s show cer-
tain differences in interfacial behavior during the CHF transient from
those observed at higher mass velocities. There is clear separation
or (a) G = 183 kg/m2 s and xi = 0.0158, and (b) G = 340 kg/m2 s and xi = 0.0127.



Fig. 6. Variation of flow boiling behavior at CHF- for (a) G = 340 kg/m2 s and xi = 0.0127, and (b) G = 664 kg/m2 s and xi = 0.0188.

Fig. 7. Flow boiling behavior at CHF- and during CHF transient for (a) G = 340 kg/m2 s and xi = 0.0127 in inlet region, and (b) G = 664 kg/m2 s and xi = 0.0188 in exit region.
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between the individual flow layers in the inlet region below 370 kg/
m2 s, while the flow behavior is more difficult to ascertain at high
mass velocities. There are also clear differences in the location of
CHF occurrence along the heated wall. Fig. 10(a) and (b) shows tem-
poral temperature records measured by the heated wall’s five ther-
mocouples during the CHF transient up to and including the
instant the electrical power input to the heated wall is cut-off. In
these plots, T1 denotes the most upstream thermocouple and T5

the most downstream. For the lower mass velocity of G = 340.6 kg/
m2 s (xi = 0.0269), Fig. 10(a) shows CHF commences first at the
location of T1 followed by T2. It can clearly be seen that T1 is also con-
sistently higher than temperatures measured by the other thermo-
couples. On the other hand, Fig. 10(b) shows CHF for the high mass
velocity of G = 1589 kg/m2 s (xi = 0.116) commences first at the
downstream location of T5 followed by T4.

5. Separated control-volume-based model

A new separated flow model is proposed to determine the key
flow variables required for CHF prediction. Fig. 11 shows a



Fig. 8. Boiling curves for G = 343 kg/m2 s (xi = 0.153), G = 970 kg/m2 s (xi = 0.084)
and G = 1589 kg/m2 s (xi = 0.081).
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schematic of vertical upflow with finite inlet vapor void based on
conditions observed at CHF-. The flow upstream of the heated wall
consists of a liquid layer along the walls surrounding a large central
vapor core. Slip flow assumptions are adopted here, meaning each
flow layer is characterized by a mean velocity while allowing for
velocity differences between the different layers. Pressure is as-
sumed uniform across the channel’s cross-sectional area at each
axial location. Two different cross-sections of the flow are shown
in Fig. 11, one for the adiabatic flow upstream of the heated portion
of the channel and the other for the heated portion.
Fig. 9. Variation of CHF with (a) mass velocity, (b
For the adiabatic region, flow symmetry results in a uniform li-
quid layer thickness along all four channel walls. Momentum con-
servation for the vapor and liquid portions of the channel yields the
following respective relations,

G2 d
dz

x2
i

qgai

" #
¼ �ai

dP
dz
� siPi

A
� qgaig ð1Þ

and

G2 d
dz

ð1� xiÞ2

qf ð1� aiÞ

" #
¼ �ð1� aiÞ

dP
dz
� sw;f Pw;f

A
� siPi

A
� qf ð1� aiÞg:

ð2Þ

In the above equations, xi is the inlet quality, ai the inlet void frac-
tion, P the pressure,sw,f the wall shear stress for the liquid layer,si the
interfacial shear stress between liquid and vapor layers, A the cross-
sectional area of the channel, Pw,f the channel perimeter, and Pi the
interfacial perimeter between the liquid and vapor layers. The ± sign
in the interfacial shear terms is intended to allow for any variations
in the direction of the shear stress, depending on local velocity differ-
ences between the two layers.

Applying mass and energy conservation to this adiabatic cross-
section yields dxi=dz ¼ 0. Property variations are neglected and
Eqs. (1) and (2) are solved simultaneously to determine the void
fraction at the inlet to the heated portion of the channel. An itera-
tive procedure is adopted because the equations involve wall and
interfacial shear stresses that are functions of flow velocities that,
in turn, are functions of void fraction. The procedure for determin-
ing the shear stresses will be discussed later.

A third vapor layer begins to form at the leading edge of the
heated wall, resulting in a separated four-layer flow as depicted
) inlet flow quality and (c) exit flow quality.



Fig. 10. Temporal records of heated wall thermocouples during CHF transient for
(a) G = 340.6 kg/m2 s (xi = 0.0269), and (b) G = 1589 kg/m2 s (xi = 0.116).
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in the top cross-section in Fig. 11. Layer 1 is comprised of liquid
along the three insulated walls of the channel. Layer 2 represents
Fig. 11. Schematic of different layers in vertic
the central vapor core. Layers 3 and 4 represent the liquid and
wavy vapor layers, respectively, adjacent to the heated wall. The
mass flow rate of the wavy vapor layer 4 increases along the heated
wall due to evaporation of liquid layer 3.

Mass, momentum and energy conservation laws are applied to
a control volume of length Dz of the flow channel starting with the
upstream edge of the heated wall. Because the liquid layer up-
stream of the heated channel is uniform in thickness, the mass flow
fraction of liquid layer 1 along the insulated walls at the inlet to the
heated wall can be expressed as

xf 1;i ¼
wþ 2H

2wþ 2H
ð1� xiÞ: ð3Þ

Similarly, the mass flow fraction of liquid layer 3 adjacent to the
insulated walls at the inlet to the heated wall can be expressed as

xf 3;i ¼
w

2wþ 2H
ð1� xiÞ: ð4Þ

Similar relations are adopted for area fraction of liquid along the
adiabatic walls (layer 1) and adjacent to the heated wall (layer 3),
respectively, at the inlet to the heated wall,

ef 1;i ¼
wþ 2H

2wþ 2H
ð1� aiÞ ð5Þ

and

ef 3;i ¼
w

2wþ 2H
ð1� aiÞ: ð6Þ

Another assumption that is adopted in the model is negligible heat
transfer between the vapor core and all surrounding liquid, i.e., the
flow quality of the vapor core is conserved and x2 = xi.

With the inlet mass and area fractions fully specified, the fol-
lowing equations are used to relate flow quality, velocity and area
fraction for the insulated wall liquid layer (1), middle vapor core
layer (2), heated wall liquid layer (3), and heated wall wavy vapor
layer (4), respectively, at any axial location z along the heated por-
tion of the channel
al channel with inlet vapor void at CHF-.
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xf 1 ¼
qf Uf 1Af 1

GA
¼

qf Uf 1ef 1

G
; ð7Þ

x2 ¼
qgUg2Ag2

GA
¼

qgUg2a2

G
¼ xi; ð8Þ

xf 3 ¼
qf Uf 3Af 3

GA
¼

qf Uf 3ð1� ef 1 � a2 � a4Þ
G

; ð9Þ

and

x4 ¼
qgUg4Ag4

GA
¼

qgUg4a4

G
: ð10Þ

Conservation of mass for the entire cross-section combined
gives dW=dz ¼ 0, which implies both W and G are constant. Be-
cause the entire flow is saturated, there is no temperature gradient
between the four fluid layers. Therefore, it is assumed the mass
flow rates of the insulated wall liquid layer (xf1W) and central va-
por core (x2W) are both constant, which implies both xf1 and x2 are
constant. This also implies that xf3 = xf3,i� x4; i.e., the growth of the
heated wall wavy vapor layer (4) is accounted for entirely by evap-
oration of the heated wall liquid layer (3). Conservation of mass
yields the following relation for the rate of liquid evaporation along
the interface between layers 3 and 4

W 0
fg ¼ GA

dx4

dz
: ð11Þ

Applying momentum conservation to control volumes of length
Dz encompassing the insulated wall liquid layer (1), central vapor
core layer (2), heated wall liquid layer (3), and heated wall wavy
vapor layer (4) yields, respectively,

G2 d
dz

x2
f 1

qf ef 1

" #
¼ �ef 1

dP
dz
� sw;f 1Pw;f 1

A
� si12Pi12

A
� si13Pi13

A
� qf ef 1g;

ð12Þ

G2 d
dz

x2
2

qga2

" #
¼ �a2

dP
dz
� si12Pi12

A
� si23Pi23

A
� qga2g; ð13Þ

G2 d
dz

x2
f 3

qf ð1� ef 1 � a2 � a4Þ

" #
þW 0

fgui34

¼ �ð1� ef 1 � a2 � a4Þ
dP
dz
� sw;f 3Pw;f 3

A
� si13 Pi13

A
� si23Pi23

A

� si34Pi34

A
� qf ð1� ef 1 � a2 � a4Þg; ð14Þ

and

G2 d
dz

x2
4

qga4

" #
�W 0

fgui34 ¼ �a4
dP
dz
� sw;g4Pw;g4

A
� si34Pi34

A
� qga4g:

ð15Þ

In the above equations, sw,f1, sw,f3 and sw,g4 are the wall shear stres-
ses for the insulated wall liquid layer, heated wall liquid layer and
heated wall wavy vapor layer, respectively, si12, si13, si23, and si34

the interfacial shear stresses between insulated wall liquid layer
and vapor core, insulated wall liquid layer and heated wall liquid
layer, vapor core and heated wall liquid layer, and heated wall li-
quid layer and heated wall vapor layer, respectively, Pw,f1, Pw,g2,
Pw,f3 and Pw,g4 the perimeters of the insulated wall liquid layer, va-
por core, heated wall liquid layer and heated wall wavy vapor layer,
respectively, in contact with the channel walls, and Pi12, Pi13, Pi23

and Pi34 the contact perimeters between the insulated wall liquid
layer and vapor core, insulated wall liquid layer and heated wall li-
quid layer, vapor core and heated wall liquid layer, and heated wall
liquid layer and heated wall vapor layer, respectively. The ± sign in
the interfacial shear terms is again intended to allow for any varia-
tions in the directions of the shear stresses, depending on local
velocity differences between the four layers. The shear stress direc-
tion can be traced on a local basis from numerical solution of the
momentum equations.

Because the vapor generated at the wall is ejected normal to the
wall, it will have no initial stream-wise velocity [9] and, as such,
does not contribute stream-wise momentum to the control vol-
ume. Therefore, the interfacial momentum terms in Eqs. (14) and
(15) are neglected. The wall shear stress for each phase is defined
as

sw;k;j ¼
1
2
qkU2

k;jfk;j; ð16Þ

where k = f or g, depending on the phase, and j = 1–4, depending on
layer number. The friction factor in Eq. (16) is obtained from the fol-
lowing relation by Bhatti and Shah [29],

fk;j ¼ C1 þ
C2

Re1=C3
D;k;j

¼ C1 þ
C2

qkUk;jDk;j

lk

� �1=C3
; ð17Þ

where C1 = 0, C2 = 16 and C3 = 1 for laminar flow (ReD,k,j 6 2100),
C1 = 0.0054, C2 = 2.3 � 10�8 and C3 = �2/3 for transitional flow
(2100 < ReD,k,j 6 4000), and C1 = 0.00128, C2 = 0.1143 and
C3 = 3.2154 for turbulent flow (ReD,k,j > 4000). The diameter in Eq.
(17) is defined as Dk;j ¼ 4Ak;j=Pk;j.

The four interfacial shear stresses are determined according to
the relations

si12 ¼
Cf ;i

2
qgðUf 1 � Ug2Þ2; ð18Þ

si23 ¼
Cf ;i

2
qgðUg2 � Uf 3Þ2; ð19Þ

si34 ¼
Cf ;i

2
qgðUf 3 � Ug4Þ2; ð20Þ

and

si13 ¼
Cf ;i

2
qgðUf 1 � Uf 3Þ2; ð21Þ

where Cf,i is the interfacial friction coefficient. Galloway and Muda-
war [8] examined several models to determine Cf,i and recom-
mended a constant value of 0.5 for a wavy vapor–liquid interface.
This value is adopted here for interfaces between all four layers.

Applying energy conservation to a control volume of length Dz
encompassing the entire cross-sectional area of the channel yields

dx
dz
¼ dx4

dz
¼ q00w

Whfg
: ð22Þ

The model equations are solved simultaneously using a fourth-
order Runge–Kutta numerical scheme along the channel using sat-
urated properties based on local pressure. This yields values for
pressure, qualities, area fractions and velocities of the four layers
for every Dz axial increment from the upstream edge of the heated
wall to the downstream edge. The main inputs required for the
model, which are defined at the leading edge of the heated wall,
are mass velocity, inlet pressure, inlet quality xi, inlet vapor void
fraction ai, and wall heat flux q00.

Fig. 12 shows variations of area fractions of the four layers along
the heated portion of the flow channel for G = 343.3 kg/m2 s,
Pi = 145.17 kPa, xi = 0.1082, and q00 = 18.70 W/cm2. To obtain these
results, Eqs. (1) and (2) are solved first to obtain ai = 0.84. The area
fractions are segregated by ef1 + a2 for the combined insulated wall
liquid and vapor core, a4 for the heated wall wavy vapor layer, and
1 � ef1 � a2 � a4 for the heated wall liquid layer. The model shows



Fig. 12. Model predictions of axial variations of area fractions of different flow layers.
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the heated wall wavy vapor layer growing axially in thickness,
while the combined insulated wall liquid layer and vapor core
are squeezed along because of the axially increasing shear stresses.

As discussed earlier, the separated four-layer behavior is recog-
nizable mostly in the inlet region of the heated wall and lower
mass velocities, but difficult to track for the middle and exit re-
gions, especially at high mass velocities. Recall that the model
tackles all the forces acting axially on the control volumes used.
The model does not account for any transverse forces that can
cause downstream mixing between the layers. For example, vapor
effusion perpendicular to the heated wall imparts momentum that
is not accounted for in the model. It can therefore be concluded
that the model’s greatest value is in predicting interfacial behavior
in the upstream region. As shown in Fig. 10(a), this is the region
where CHF is detected first for relatively low mass velocities, ren-
dering the model especially effective at predicting CHF for these
conditions. Even for high mass velocities, the Interfacial Lift-off
Model is based on upstream development of the heated wall wavy
vapor layer, which is where the interfacial wavelength between the
liquid and vapor heated wall layers is established [9].
6. CHF predictions

The present CHF data are compared to predictions of both prior
empirical correlations [30–35] and the Interfacial Lift-off Model.
Table 1 provides details of three correlations that were developed
for flow boiling CHF in rectangular channels and three others for
circular channels. Since some of these correlations are capable of
predicting both subcooled and saturated inlet conditions, the sub-
cooling term in the correlations is set to zero when comparing pre-
dictions to the present data. Notice that some of these correlations
were developed for water alone while others are applicable to
other fluids as well.

Notice in Table 1 that some of previous CHF correlations are
based on a partially heated circumference and others on full cir-
cumferential heating. The present rectangular channel is subjected
to heating along a heated perimeter equal to one width (w) of the
channel’s cross-section. Therefore, the channel diameter in the cor-
relations is substituted with the equivalent heated diameter

Dh;e ¼
4A
w
¼ 4H: ð23Þ
Fig. 13 compares predictions of the six correlations to the pres-
ent data. The accuracy of individual correlations is ascertained
using mean absolute error, which is defined as

MAE ¼ 1
M

X jCHFpred � CHFexpj
CHFexp

� 100%: ð24Þ

With a MAE of 20.78%, Mishima and Ishii’s correlation [32]
shows the best agreement with the present data. It is followed in
accuracy by Katto and Ohno’s correlation [33], with a MAE of
24.78%. Despite being recommended specifically for rectangular
channels, Katto’s correlation [31] gave inferior predictions to those
of Katto and Ohno, evidenced by a MAE of 56.18% compared to
24.78%. The Bowring correlation [30] has a moderate MAE of
42.45% but could not capture the correct dependence of CHF on
mass velocity. It is followed in accuracy by the correlation of Sudo
et al. [34], which has a MAE of 71.39%. With a MAE of 581.35%, the
Oh and Englert’s correlation [35] proved least accurate among the
correlations tested. It is important to emphasize that poor predic-
tive capability of a given correlation is not necessarily a measure of
the general accuracy of the correlation, but its lack of suitability to
the working fluid, flow geometry and operating conditions of the
present study.

The present CHF data are also compared to predictions of the
Interfacial Lift-off Model. This model was highly effective in pre-
dicting flow boiling CHF with zero inlet vapor void [7–
9,15,26,27]. In the original model, the flow arrives at the heated
portion of the channel in saturated or subcooled liquid state. A
wavy vapor layer begins to develop along the heated wall at
CHF-. The model is built on the observation that partial wetting
of the wall at CHF- is possible only in wetting fronts correspond-
ing to the troughs of the wavy vapor layer interface. CHF is trig-
gered by lift-off of a wetting front, locally preventing liquid
access to the wall. Subsequent to this lift-off, heat from the wall
has to be concentrated in a fewer number of wetting fronts, which
accelerates the lift-off of the remaining wetting fronts and produc-
ing the expected accelerating unsteady rise in the wall
temperature.

Zhang et al. [15] showed that CHF for zero inlet subcooling can
be predicted according to the following relation,

q00m ¼ bqghfg
4prd

qgbk2
c

sinðbpÞ
 !�����

z�

" #1=2

; ð25Þ



Table 1
Saturated flow boiling CHF correlations and corresponding MAE in predicting present CHF data.

Author(s) Equation Comments MAE

Bowring [30]
q00m ¼

Aþ 0:25Dh;eGDhsub;i

C þ L

Dhsub;i ¼ hf � hi;A ¼
2:317ðDh;eGhfg=4ÞF1

1:0þ 0:0143F2D0:5
h;e ;G

;

C ¼ 0:077F3Dh;eG
1:0þ 0:347F4ðG=1356Þn

n ¼ 2:0� 0:5PR; PR ¼ 0:145Po; Po in MPa

F1 ¼
1

1:917
fP18:942

R exp½20:89ð1:0� PRÞ� þ 0:917g

F2 ¼
1:309F1

P1:316
R exp½2:444ð1:0� PRÞ� þ 0:309

F3 ¼
1

1:667
fP17:023

R exp½16:658ð1:0� PRÞ� þ 0:667g

F4 ¼ F3P1:649
R

–Circular channel
–Vertical upflow
–Uniformly heated

42.45%

Katto [31]
q00m ¼ q00m0; 1:0þ K

Dhsub;i

hfg

� �

q00m01 ¼ 0:25ðGhfgÞ
1

L=Dh;e

q00m02 ¼ CðGhfgÞWe�0:043
L

1
L=Dh;e

;WeL ¼
G2L
rqf

q00m03 ¼ 0:15ðGhfgÞ
qg

qf

 !0:133

We�1=3
L

1
1þ 0:0077L=Dh;e

q00m03 ¼ 0:26ðGhfgÞ
qg

qf

 !0:133

We�0:433
L

ðL=Dh;eÞ0:171

1þ 0:0077L=Dh;e

For L=Dh;e < 50;C ¼ 0:25
For L=Dh;e > 50;C ¼ 0:34
K1 ¼ 1

K2 ¼
0:261

CWe�0:043
L

K3 ¼
0:5556ð0:0308þ Dh;e=LÞ
ðqg=qf Þ

0:133We�1=3
L

When q00m01 < q00m02; q
00
m0 ¼ q00m01;K ¼ K1

When q00m01 > q00m02; if q00m02 < q00m03; q
00
pm0 ¼ q00m02 ;K ¼ K2

If q00m02 > q00m03; if q00m03 < q00m04 ; q
00
m0 ¼ q00m03 ;K ¼ K3

If q00m03 > q00m04; q
00
m0 ¼ q00m04

–Rectangular channel
–Vertical flow

For water:
One-sided heated wall:
26 < L/Dh,e < 500 for P = 3.2–13.8 MPa
Two-sided heated wall:
0.417 < L/Dh,e < 6.02 for P = 101 kPa

For R-113:
Two-sided heated walls:
L/Dh,e = 25 for P = 120–147 kPa

56.18%

Mishima and Ishii [32] q00m ¼ A
Ah

hfg
1

C0
� 0:11

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qggðqf � qgÞDh;e

q
þ Dhsub;i

hfg
G

h i
–Circular internally heated annulus
–Vertical upflow

For water:
Di = 0.02045 m
Do = 0.02596 m
Lh = 0.5969 m
P = 101 kPa
G = 0–600 kg/m2 s
Dhsub,i = 160–330 kJ/kg

20.78%

For rectangular channels: C0 ¼ 1:35� 0:35
ffiffiffiffiqg

qf

q
For round tubes: C0 ¼ 1:2� 0:2

ffiffiffiffi
qg

qf

q

Katto and Ohno [33]
q00m ¼ q00m0 1:0þ K

Dhsub;in

hfg

� �

q00m01 ¼ CðGhfgÞWe�0:043
L

1
L=Dh;e

q00m02 ¼ 0:1ðGhfgÞ
qg

qf

 !0:133

We�1=3
L

1
1þ 0:0031L=Dh;e

q00m03 ¼ 0:098ðGhfgÞ
qg

qf

 !0:133

We�0:433
L

ðL=Dh;eÞ0:27

1þ 0:0031L=Dh;e

q00m04 ¼ 0:0384ðGhfgÞ
qg

qf

 !0:6

We�0:173
L

1
1þ 0:28We�0:233ðL=Dh;eÞ

q00m05 ¼ 0:234ðGhfgÞ
qg

qf

 !0:513

We�0:433
L

ðL=Dh;eÞ0:27

1þ 0:0031L=Dh;e

For L=Dh;e < 50C ¼ 0:25
For 50 6 L=Dh;e 6 150; C ¼ 0:25þ 0:0009ðL=Dh;e � 50Þ
For 150 < L=Dh;e; C ¼ 0:34

–Circular channel
–Vertical upflow
–Uniformly heated

For water:
20 < L/Dh,e < 500 P = 10– 200 bar

For R-12: Dh,e = 0.01 m
L = 1 m
P = 1.96–3.44 MPa
G = 120–2100 kg/m2 s
Dhsub,i = 0.4–39.9 kJ/kg

24.78%

(continued on next page)
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Table 1 (continued)

Author(s) Equation Comments MAE

K1 ¼
0:261

CWe�0:043
L

K2 ¼
0:8333ð0:0124þ Dh;e=LÞ
ðqg=qf Þ

0:133We�1=3
L

K3 ¼
1:12ð1:52We�0:233

L þ Dh;e=LÞ
ðqg=qf Þ

0:6We�0:173
L

For qg=qf < 0:15 :

When q00m01 < q00m02q00m0 ¼ q00m01

When q00m01 > q00m02 ; if q00m02 < q00m03 ; q
00
m0 ¼ q00m02 ;

if q00m02 > q00m03 ; q
00
m0 ¼ q00m03

When K1 > K2;K ¼ K1; when K1 < K2;K ¼ K2

For qg=qf > 0:15 :

When q00m01 < q00m05 ; q
00
m0 ¼ q00m01

When q00m01 > q00m05 ; if q00m05 > q00m04 ; q
00
m0 ¼ q00m05 ;

if q00m05 < q00m04 ; q
00
m0 ¼ q00m04

When K1 > K2;K ¼ K1; when K1 < K2; if K2 < K3;K ¼ K2;

if K2 > K3;K ¼ K3

Sudo et al. [34]
q00m ¼ 0:005hfg G0:611 qgðqf � qgÞg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

ðqf�qg Þg

q� 	0:1945 –Rectangular channel
–Vertical upflow
–Two-sided heating

For water:
L/Dh,e = 170
P = 98.1–196.1 kPa
G = 0–600 kg/m2 s

71.39%

Oh and Englert [35] q00m ¼ A
Ph;e L hfg ½0:458ð1:0þ Dhsub;i

hfg
ÞGþ 2:412

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kqggðqf � qgÞ

q
� –Rectangular channel

–Vertical upflow
–Uniformly heated

For water:
P = 20–85 kPa
G = 30–80 kg/m2 s
DTsub,i = 5–72 �C

581.25%

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ðqf�qg Þg

q

Fig. 13. Comparison of present FC-72 CHF data with predictions of prior CHF correlations and Interfacial Lift-off Model.
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where b = 0.2, d is the thickness of the vapor layer, and kc the critical
wavelength of instability of the vapor layer interface. Both d and kc are
calculated at z⁄ = z0 + kc(z⁄), where z0 is the location where the veloc-
ity of the vapor layer just exceeds that of liquid. For vertical flow [15],

2p
kc
¼

q00f q
00
gðUg � Uf Þ2

rðq00f þ q00gÞ
; ð26Þ

where

q00f ¼ qf coth
2p
kc

Hf

� �
; ð27Þ

and

q00g ¼ qgcoth
2p
kc

Hg

� �
: ð28Þ

The terms Hf and Hg in Eqs. (27) and (28) represent the thicknesses
of the liquid and vapor layers, respectively. In the original Interfacial
Lift-off Model, a two-layer separated flow model is used to deter-
mine the axial variations of Ug, Uf and d from which the values of
d and kc are calculated at z⁄ to determine CHF according to Eq. (25).

Unlike the two-layer separated flow for which the original
Interfacial Lift-off Model was developed, the present study involves
four separated layers. To modify the model to the conditions of the
present study, the instability criterion is applied to the interface
between the heated wall liquid layer and heated wall wavy vapor
layer. Therefore, the vapor layer thickness, d, is Eq. (25) is substi-
tuted by d4, the vapor layer velocity, Ug, in Eq. (26) by Ug4, and
the liquid layer velocity, Uf, in Eq. (26) by Uf3. The mean liquid
and vapor layer thicknesses, Hf and Hg, in Eqs. (27) and (28) are gi-
ven, respectively, by
Hf ¼ ð1� ef 1 � a2 � a4ÞH ð29Þ

and

Hg ¼ a4H: ð30Þ

Fig. 13 shows the modified Interfacial Lift-off Model is fairly
successful at predicting CHF for flow boiling in a vertical upflow
channel with finite inlet vapor void, evidenced by a MAE of
24.52%. Recall that the flow visualization experiments could not
provide definitive assessment of CHF for high mass velocities.
Comparing the predictions of the Interfacial Lift-off Model to data
corresponding to the higher mass velocities ranging from 500 to
1600 kg/m2 s showed an even better MAE of 13.98%. This demon-
strates the validity of this model over the entire range of mass
velocities of the experimental study.

Finally, it is important to note that, while one of the CHF
correlations [32] shows slightly better accuracy than the Interfacial
Lift-off Model (20.78% compared to 24.52%), the model offers an
entirely theoretical approach to predicting CHF.

7. Conclusions

This study explored saturated CHF for FC-72 in vertical upflow
with inlet vapor void. A rectangular flow channel was used that
featured an adiabatic flow development length ending with a
section that was heated along one side. Both temperature mea-
surements and high-speed video imaging methods were used to
investigate the influence of inlet vapor void on interfacial behavior
at heat fluxes up to CHF as well during the CHF transient. A new
model was also constructed to predict CHF over a broad range of
mass velocity. Following are key findings from the study.

1. The flow enters the heated portion of the channel fully sepa-
rated, with a relatively thin liquid layer covering the entire
perimeter of the channel surrounding a large central vapor core.
At CHF-, a fairly continuous wavy vapor layer begins to develop
between the liquid layer initially covering the heated wall and
the heated wall itself. This vapor layer begins evolving immedi-
ately at the leading edge of the heated wall. This results in a
complex four-layer flow consisting of the liquid layer covering
the insulated walls, the central vapor core, the now separated
liquid layer adjacent to the heated wall, and the newly formed
wavy vapor layer along the heated wall.

2. CHF increases monotonically with increases in mass velocity,
inlet quality and outlet quality. The increase is more profound
at low mass velocities and far slower above 700 kg/m2 s.

3. Based on the flow visualization study, a new separated control-
volume-based model is constructed that enables the determina-
tion of axial variations of thicknesses and mean velocities of the
four layers comprising the flow at CHF-.

4. Among three popular rectangular channel and three other
circular channel CHF correlations tested, the correlation by
Mishima and Ishii [32], with a MAE of 20.78%, provides the best
predictions of the present CHF data.

5. Incorporating the results of the new four-layer separated flow
model in a modified form of the Interfacial Lift-off Model pro-
vides fairly good predictions of the CHF data over the entire
range of mass velocities tested, which is evidenced by a MAE
of 24.52%. Despite being slightly less accurate then the best of
the correlations tested, the model offers an entirely theoretical
approach to predicting CHF.
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