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a b s t r a c t

This study explores the influence of inlet subcooling and two-phase inlet on flow boiling heat transfer and
critical heat flux in a horizontal 2.5-mm wide by 5-mm high rectangular channel for top wall heating,
bottom wall heating and double-sided heating configurations using FC-72 as working fluid. High-speed
video imaging is used to identify dominant interfacial characteristics for different combinations of inlet
conditions and heating configurations. Three inlet conditions are compared: highly subcooled liquid,
slightly subcooled liquid, and saturated two-phase mixture for mass velocities between 205.1 and
3211.6 kg/m2 s. Gravity is shown having a dominant influence on interfacial behavior at low mass veloc-
ities below 400 kg/m2 s, while inertia dwarfs gravity effects at high mass velocities around 1600 kg/m2 s.
Overall, CHF increases monotonically with increasing inlet subcooling. CHF variation between the three
heating configurations is large for low mass velocities and diminishes for high mass velocities. A dimen-
sionless parameter, heat utility ratio, is shown to be an effective means for assessing the influence of
subcooling on CHF.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Flow boiling critical heat flux (CHF)

For decades, single-phase thermal management systems have
been used to remove heat from temperature sensitive devices in
a broad variety of applications. However, as heat fluxes from
devices began to escalate, interest has shifted to two-phase ther-
mal management. Examples of these systems include electronic
data centers, hybrid vehicle power electronics, avionics, and laser
and microwave directed energy systems [1]. The shift to
two-phase thermal management is rooted in the ability of these
systems to offer orders of magnitude enhancement in heat trans-
fer performance compared to single-phase counterparts. This
enhancement is the result of utilization of the coolant’s sensible
and latent heat content rather than sensible heat alone. With a firm
commitment to utilize two-phase thermal management, interest
quickly shifted to selecting a suitable two-phase cooling configura-
tion. Simplicity of design and operation, and low cost rendered
pool-boiling-based thermosyphons as the primary thermal
management solutions for many applications [2,3]. Where pool
boiling failed to meet cooling targets, interest shifted to channel
flow boiling, including the use of mini/micro-channels, to take
advantage of fluid motion to enhance cooling performance [4–6].
And when channel flow boiling could not handle cooling needs,
thermal design engineers opted for more aggressive cooling
schemes, including jet-impingement [7,8] and spray cooling
[9–11]. Recently, there have been efforts to further enhance
cooling performance by combining the benefits of different
phase-change cooling schemes using hybrid cooling configurations
such as micro-channel/jet-impingement cooling [12].

Regardless of which two-phase cooling scheme is selected for a
given application, it is essential to maintain nucleate boiling by
allowing liquid to replenish the surface of the heat dissipating
device to replace the vapor generated by evaporation. The con-
cern here is that intense vapor nucleation, growth and coales-
cence at high fluxes might culminate in formation of an
insulating vapor layer on the surface, which may interrupt bulk
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Nomenclature

b ratio of wetting front length to wavelength
cp specific heat at constant pressure
D hydraulic diameter of flow channel
G mass velocity
ge Earth gravity
H height of flow channel’s cross-section
h heat transfer coefficient
hfg latent heat of vaporization
H1 top heated wall 1
H2 bottom heated wall 2
Ld development length of flow channel
Le exit length of flow channel
Lh heated length of flow channel
_m mass flow rate
P pressure
q00w wall heat flux
T temperature
t time
Tin temperature at inlet to heated portion of channel
Tsat saturation temperature
DTsub,in inlet subcooling, Tsat � Tin
DTsub,out outlet subcooling, Tsat � Tout
Tw wall temperature
U mean inlet liquid velocity
W width of flow channel and heated walls
xe thermodynamic equilibrium quality

z axial coordinate
z⁄ axial location for determining vapor layer thickness and

critical wavelength in interfacial lift-off model

Greek symbols
d mean thickness of vapor layer
e heat utility ratio
kc critical wavelength
q density
r surface tension

Subscripts
avg average
c critical
d developing
e exit
f saturated liquid; bulk liquid
g saturated vapor
h heated wall
in inlet to heated portion of channel
m heated wall nomenclature (1 for H1 or 2 for H2)
n thermocouple location along heated wall
out outlet from heated portion of channel
sat saturation
sub subcooling
w wall designation (H1 or H2)
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liquid access to it. This process is the foundation for occurrence of
critical heat flux (CHF), which signals unsteady rise in surface
temperature to levels that may cause device overheating or even
physical burnout. This is precisely why CHF constitutes the most
important design limit for any two-phase thermal management
system [13].
1.2. Thermal management in future space systems

Thermal management is especially crucial onboard space vehi-
cles, given the complex and varying operating environments of
these vehicles. High development and operating costs are also
primary concerns when designing a thermal management system
for a space application. These costs are highly sensitive to system
size and weight. A primary tactic to reducing both is to replace
present single-phase thermal management systems with two-
phase counterparts in order to capitalize on orders of magnitude
enhancement in boiling and condensation heat transfer coeffi-
cients compared to single-phase heat transfer. Key targets for
implementing two-phase technologies are Thermal Control
Systems (TCSs), which are responsible for controlling the tempera-
ture and humidity of the operating environment, and Fission
Power Systems (FPSs), which are projected to provide both very
high power and very low mass to power ratios [14,15].

But application of two-phase technologies in future space mis-
sions is thwarted by limited understanding of the influence of
reduced gravity on two-phase flow and heat transfer. This need
has spurred several reduced gravity collaborative international
efforts aimed at exploring all underlying mechanisms, including
adiabatic two-phase flow regimes, two-phase pressure drop, flow
boiling and condensation heat transfer coefficients, and flow
boiling CHF [16].
1.3. Single-sided and double-sided heating in a rectangular channel

Of the different boiling schemes, channel flow boiling has
received the most attention for space applications because of its
simplicity and suitability to thermal management of multiple heat
sources. Most prior reduced gravity flow boiling studies have been
concentrated on CHF measurement [17,18], particularly in rectan-
gular flow channels that are heated along one side [19,20]. The key
reason for relying on single-sided heating is to isolate the effects of
reduced or Earth gravity perpendicular to, and parallel to the
heated wall.

Fig. 1(a) and (b) depicts flow boiling near CHF at low flow veloc-
ities in a horizontal rectangular heated channel with heated top
wall and bottom wall, respectively, at 1 ge. These figures illustrate
fundamental differences in liquid–vapor interfacial behavior
between these two orientations. Top wall heating is shown accu-
mulating vapor against the top wall, culminating in the formation
of a thick insulating layer and fairly low CHF. Bottom wall heating
benefits from gravity aiding in both vapor removal from the heated
wall, and liquid replenishment to the wall. Flow boiling in a hori-
zontal channel that is heated on both top and bottom walls
(i.e., double-sided heating) is far more complex, as gravity simulta-
neously plays a negative role along the top wall, and a positive role
along the bottom wall. This behavior is depicted in Fig. 1(c), where
the flow boiling behaviors for separately heated top wall, Fig. 1(a),
and bottom wall, Fig. 1(b) are more or less superimposed in the
same channel. A recent study by Konishi et al. [21,22] involving
flow boiling of FC-72 in the microgravity environment of parabolic
flight showed double-sided heating provides higher CHF values in
comparison with single-sided heating for velocities ranging from
0.1 to 1.9 m/s. This was followed by a study by the present authors
[23] involving horizontal FC-72 flow boiling experiments in Earth
gravity corresponding to slightly subcooled inlet conditions.
These experiments showed that, above a liquid velocity of 1 m/s,



Fig. 1. Depiction of horizontal flow boiling near CHF for a rectangular channel with (a) top wall heating, (b) bottom wall heating, and (c) double-sided heating. Adapted from
[23].
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double-sided heating provides CHF values that are higher than
those possible with single-sided heating.

1.4. Effects of inlet subcooling and heat utility ratio

Flow boiling heat transfer and CHF are highly dependent on
fluid state at the inlet to the flow channel. Three types of inlet con-
ditions are possible: highly subcooled liquid, slightly subcooled liq-
uid, and saturated liquid–vapor mixture. High inlet subcooling
enhances CHF appreciably by enabling the coolant to absorb a con-
siderable portion of the wall heat flux in the form of sensible heat
instead of by latent heat alone. Strong support for the merits of
subcooled inlet conditions over two-phase inlet conditions comes
from a number of studies involving single-sided heating in both
microgravity [19–22] and Earth gravity [24–27].

To understand the effects of subcooling on flow boiling CHF, it is
crucial to quantify the influence of heat utility ratio, defined as the
ratio of CHF associated with both sensible and latent heat to that
with latent heat alone. This is perhaps one of the most challenging
endeavors in two-phase heat transfer literature, despite many pre-
vious correlative attempts [28–32], where subcooled flow boiling
was described as a superposition of single phase forced convection
and pool boiling. More recently, Zhang et al. [19] combined exper-
imental results from their own experiments and those of Sturgis
and Mudawar [24,25] to develop an empirical correlation for the
heat utility ratio.

1.5. Objective of study

The present study is a part of a NASA project that was initiated
in 2012 with the ultimate goal of developing the Flow Boiling and
Condensation Experiment (FBCE) for the International Space
Station (ISS). This study is a direct follow-up to a recent study by
the authors concerning flow boiling heat transfer and CHF of
FC-72 in a rectangular channel [23]. Addressed in this study are
the combined complex effects of (i) inlet thermodynamic state
(highly subcooled, slightly subcooled or saturated), (ii) mass veloc-
ity, and (iii) heating configuration (top wall heating, bottom wall
heating and double-sided heating) on both local and spatially aver-
aged heat transfer coefficient and CHF for horizontal flow in Earth
gravity. High-speed video imaging is used to capture dominant
interfacial patterns for the different combinations of inlet condi-
tions, mass velocity and heating configuration. Finally, the effect
of subcooling on CHF is assessed using the aforementioned heat
utility ratio.
2. Experimental methods

2.1. Flow boiling module and heated wall construction

The flow boiling module designed for this study consists mainly
of three transparent polycarbonate plastic (Lexan) plates. A
2.5-mm wide and 5.0-mm high rectangular flow channel is milled
into the middle Lexan plate as depicted in Fig. 2(a). Slots are milled
into the top and bottom Lexan plates to accommodate two 15.5-mm
wide, 114.6-mm long and 1.04-mm thick oxygen-free copper
heating slabs. O-ring seals are fitted into shallow grooves in
the Lexan plates to guard against leaks. The three Lexan plates are
sandwiched together between two aluminum support plates. The
flow channel features an inlet honeycomb flow straightener fol-
lowed by an entry length upstream of the heated walls 100 times
the hydraulic diameter to ensure fully developed flow. Pressure
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Fig. 2. (a) Key dimensions of the flow channel. (b) Construction of the heated walls and thick-film resistors. (c) Thermocouple layout in the two heated walls.
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is measured at the channel inlet, just upstream and just down-
stream of the copper slabs. Fluid temperature is measured by
type-E thermocouples inserted in the channel inlet and exit.
Fig. 2(a) shows important dimensions of the flow channel.

The two copper slabs are used as heating walls for the flow
channel. Fig. 2(b) and (c) depicts the detailed construction and
instrumentation of the walls, respectively. Six 188-X, 4.5-mm
wide, and 16.4-mm long thick-film resistors are soldered to the
back of each copper slab. The resistors are connected electrically
in parallel and powered by a variable voltage source to produce
uniform heat flux along each wall. A previous study by Zhang
et al. [33] showed that a minimum ‘asymptotic wall thickness’ is
necessary to ensure that the measured CHF is both wall thickness
independent and representative of real heat exchanger surfaces.
For FC-72, they showed that the minimum thickness for a copper
surface is 0.40 mm. Using a much larger thickness also has the dis-
advantage of delaying the attainment of steady state after supply-
ing electrical power to the resistors. Hence, a copper slab thickness
of 1.04 mm is adopted in the present study. Each copper slab fea-
tures two parallel sets of seven shallow holes that are drilled
between the resistors for insertion of type-E thermocouples. One
set is used to make temperature measurements while the second
set is used to trigger an electric relay and cut off power supply to
the resistors once CHF is detected. Fig. 2(c) shows axial positions
of the measurement thermocouples. The thermocouples are desig-
nated as Twm,n, where m represents the heated wall (1 for top
heated wall H1 or 2 for bottom heated wall H2), and n the axial
thermocouple location.
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2.2. Two-phase loop

Depicted in Fig. 3, the two-phase loop is constructed to supply
FC-72 to the flow boiling module at a prescribed flow rate, pressure
and either temperature for subcooled inlet or thermodynamic
equilibrium quality for saturated two-phase inlet. The FC-72 is
deaerated in a separate degassing facility before being supplied
to the flow loop. It is circulated within the loop with the aid of a
magnetically coupled gear pump, downstream of which are a filter,
Coriolis flow meter, electric pre-heater, and the flow boiling mod-
ule. Exiting the module, the two-phase mixture passes through a
water-cooled condenser to return the fluid to liquid state. An air-
pressurized accumulator is situated between the condenser and
pump, serving the dual purpose of setting a low pressure reference
junction and compensating for any volume expansion or contrac-
tion (due to temperature changes or vapor production/collapse)
throughout the loop. The entire flow boiling facility, including
the flow loop components, data acquisition system, power and
instrumentation cabinets, and high-speed camera, are mounted
onto an optical table.

2.3. Flow visualization techniques

A high-speed camera-link imaging system utilizing a full 10-tap
camera-link camera, ATX computer and PCI-Express frame grabber
is used to capture the two-phase interfacial features along the
heated portion of the flow channel. A fixed frame rate of
2000 frames per second (fps) and pixel resolution of 2040 � 174
are used to capture the entire heated length for each test run. Each
video image sequence consists of 3000 frames, or 1.5 s of flow
visualization data per test run. Illumination is provided from the
back of the flow channel by an array of LEDs, with a light shaping
diffuser (LSD) situated between the LEDs and the channel to
distribute the light uniformly over the flow channel.

The imaging system is operated using commercial-off-the-shelf
(COTS) imaging software provided by the frame grabber company
to set the imaging parameters, including the area of interest,
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exposure time and frame rate. The imaging system ismanually trig-
gered to acquire and store the 3000-frame image sequence once the
flow boiling achieves steady state. Since each image is 2040 pixel
elements � 174 pixel elements � 1 byte, the image occupies
approximately 355,960 bytes of memory. At 2000 fps, the image
data transfer rate from the camera through the frame grabber and
into the host random access memory (RAM) is approximately
710 MB/s. Due to the data bandwidth limitations of the solid-state
hard drives (�500 MB/s write speed), image sequences are first
buffered to the host RAM before they are saved to a solid-state hard
drive for archiving and post-acquisition analysis purposes.
2.4. Operating conditions, procedure, and measurement uncertainty

The operating conditions for the study are as follows: FC-72
inlet mass velocity of G = 205.1–3211.6 kg/m2 s, inlet temperature
of Tin = 28.4–74.9 �C (inlet subcooling of DTsub,in = 0–31 �C), inlet
equilibrium quality of xe,in = �0.38 to 0.18 , and inlet pressure of
Pin = 97.1–184.4 kPa (14.1–26.7 psi). Table 1 provides all details
of the data matrix for the present study along with the measured
CHF.

For every experiment, an initial waiting period is required to
achieve steady state at the inlet to the flow boiling module. There-
after, data measurements are saved using a Labview program in
conjunction with an NI SCXI-1000 data acquisition system. Power
to the specific flow boiling heated wall(s) (H1, H2 or both) is then
turned on depending on the prescribed heating configuration for
the test. The power is increased in small increments, followed by
a waiting period after each increment to achieve steady state, after
which the high-speed camera system is triggered to record flow
visualization data. The next power increment is then applied and
measurements repeated in the same manner. Over the course of
a single experiment, the mass flow rate is maintained constant
by adjusting pump speed following every power increment. The
heated wall relay is set to automatically cut off power supply to
the resistors once any of the wall temperatures exceed 130 �C, indi-
cating CHF.
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Table 1
Test cases for study.

Test
case

Heated
wall

U
(m/s)

G
(kg/m2 s)

xe,in Tin
(�C)

Pin
(kPa)

CHF
(W/cm2)

1 Top 0.18 288.6 �0.38 28.6 110.5 22.0
2 Top 0.29 469.8 �0.31 30.1 97.1 26.3
3 Top 0.52 836.8 �0.34 30.5 106.7 31.0
4 Top 0.98 1597.2 �0.30 31.7 100.1 34.7
5 Top 1.24 2004.5 �0.32 31.0 103.7 38.7
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Fluid and heated wall temperatures throughout the facility are
measured with type-E thermocouples having an accuracy of
±0.5 �C. STS absolute pressure transducers having an accuracy of
±0.05% are used to measure pressure at several locations along
the flow boiling module and the flow loop. The Coriolis flow meter
has an accuracy of ±0.1%. The wall heat input is measured with an
accuracy of ±0.5 W, and the uncertainty in heat transfer coefficient
measurement is ±8%.
6 Top 1.48 2392.1 �0.34 29.8 104.9 42.9
7 Bottom 0.13 205.1 �0.33 28.4 98.4 29.4
8 Bottom 0.25 408.6 �0.31 30.6 98.7 31.8
9 Bottom 0.49 803.0 �0.31 30.8 99.3 35.6

10 Bottom 0.99 1601.3 �0.30 31.8 99.0 39.5
11 Bottom 1.24 2016.1 �0.32 31.0 101.8 42.3
12 Bottom 1.48 2392.4 �0.34 29.9 105.2 42.3
13 Top & Bottom 0.14 226.9 �0.33 28.4 98.5 12.9
14 Top & Bottom 0.25 408.6 �0.31 30.5 98.7 18.0
15 Top & Bottom 0.49 801.3 �0.32 30.6 100.2 26.1
16 Top & Bottom 0.98 1592.5 �0.31 33.2 105.6 37.1
17 Top & Bottom 1.24 2007.5 �0.33 32.3 109.1 42.6
18 Top & Bottom 1.47 2386.3 �0.33 30.7 105.6 42.6
19 Top 0.13 216.4 �0.07 56.4 119.7 6.9
20 Top 0.25 403.4 �0.05 58.9 122.0 9.3
21 Top 0.50 797.4 �0.05 60.1 127.5 17.2
22 Top 0.75 1204.0 �0.07 60.5 133.3 21.0
23 Top 0.98 1570.3 �0.05 62.6 136.3 23.1
24 Top 2.02 3200.2 �0.06 67.2 161.5 31.0
25 Bottom 0.13 208.0 �0.10 56.8 130.1 27.1
26 Bottom 0.25 400.5 �0.07 59.1 128.7 28.2
27 Bottom 0.50 804.6 �0.05 60.6 130.5 29.4
28 Bottom 0.75 1192.7 �0.07 60.5 136.0 28.2
29 Bottom 0.98 1567.4 �0.05 62.5 137.6 28.2
30 Bottom 2.02 3199.3 �0.06 66.9 161.8 31.8
31 Top & Bottom 0.13 206.5 �0.09 57.7 128.4 8.6
32 Top & Bottom 0.25 394.8 �0.07 59.5 129.7 18.0
33 Top & Bottom 0.50 793.3 �0.07 60.2 134.2 25.0
34 Top & Bottom 0.75 1196.5 �0.09 61.5 144.6 28.4
35 Top & Bottom 0.97 1536.1 �0.07 64.0 150.2 29.6
36 Top & Bottom 1.52 2409.0 �0.09 64.7 162.1 32.0
37 Top & Bottom 2.04 3211.6 �0.10 67.7 177.1 33.2
38 Top 400.3 0.18 65.1 138.0 12.2
39 Top 803.1 0.08 66.8 142.4 18.1
40 Top 1599.7 0.04 73.4 170.8 25.2
41 Bottom 396.4 0.18 65.9 143.0 27.1
42 Bottom 802.0 0.03 64.9 139.5 23.8
43 Bottom 1592.9 0.04 74.0 173.4 26.0
44 Top & Bottom 404.1 0.17 65.4 141.0 16.2
45 Top & Bottom 800.6 0.07 68.1 149.7 24.0
46 Top & Bottom 1592.6 0.03 74.9 184.4 26.1
3. Flow visualization results

Fig. 4(a)–(f) shows individual images of flow boiling along the
entire heated portion of the channel for top wall heating, top and
bottom wall heating, and bottom wall heating for heat fluxes up
to CHF and three different inlet flow conditions: 24.5–25.6 �C
subcooling (highly subcooled), 3.3–5.1 �C subcooling (slightly
subcooled), and inlet equilibrium quality of 0.03–0.18 (saturated),
corresponding to two different mass velocities. Fig. 4(a) and (b)
shows images for G = 408.6–469.8 kg/m2 s (U = 0.25–0.29 m/s)
and G = 1592.5–1601.3 kg/m2 s (U = 0.98–0.99 m/s), respectively,
for the highly subcooled cases. For top wall heating and the lower
velocity, Fig. 4(a) shows a wavy vapor layer along the heated wall,
with liquid appearing to reach the wall in the wave troughs. Weak
flow inertia allows buoyancy to stratify the vapor along the upper
wall. For bottom wall heating, Fig. 4(a) shows both discrete and
larger coalescent bubbles emanating from the heated wall and pro-
jecting toward the opposite wall in the absence of strong flow iner-
tia. This causes bulk liquid to flow downwards, uninterrupted, to
compensate for the released vapor, which explains the higher
CHF for the bottom heated wall (31.8 W/cm2) compared to the
top heated wall (26.3 W/cm2). For double-sided heating, the top
wavy vapor layer appears to interrupt the bubble formation,
coalescence and liquid return along the bottom wall, which is
manifest in a CHF value (18 W/cm2) smaller than that for both
top and bottom wall heating. Overall, gravity appears to play a
dominant role for this low inertia case.

Fig. 4(b) shows images for similarly high inlet subcooling (24.5–
25 �C) but higher mass velocity of G = 1592.5–1601.3 kg/m2 s
(U = 0.98–0.99 m/s). Here, higher inertia appears to (i) move boil-
ing activity downstream and (ii) greatly reduce the thickness of
the vapor layer along the top heated wall. For bottom wall heating,
increased inertia compared to Fig. 4(a) confines boiling activity to
the bottom wall. For double-sided heating, the flow appears to
combine the vapor behaviors of the top wall and bottom wall heat-
ing in the absence of appreciable interaction of top and bottom
wall vapor layers. Overall, higher inertia appears to negate much
of the gravity-dominated behavior captured in Fig. 4(a), which
helps explain why CHF values for all three heating configurations
are close to one another. Another important outcome of the com-
bination of higher inertia and high subcooling, which is manifest
by confinement of vapor activity to the respective heated walls,
is the likelihood of high inequilibrium across the channel, with
the liquid saturated near the heated wall and potentially highly
subcooled in the core.

Fig. 4(c) and (d) shows images of the flow for G = 394.8–
403.4 kg/m2 s (U = 0.25 m/s) and G = 1536.1–1570.3 kg/m2 s
(U = 0.97–0.98 m/s), respectively, for low subcooling cases with
DTsub,in = 3.3–5.1 �C. For top wall heating and U = 0.25 m/s, Fig. 4
(c) shows a wavy vapor layer developing along the top wall and
growing in both thickness and wavelength with increasing heat
flux. Notice how the downstream of the two wave trough regions,
where the liquid contacts the wall, is virtually eliminated at CHF.
For bottom wall heating, the influence of gravity is quite apparent,
as vapor generated along the bottom wall quickly detaches and
moves toward the top wall while being replaced by a downflow
of liquid toward the lower wall. While this behavior is also
observed in Fig. 4(a) for higher subcooling, the low subcooling in
Fig. 4(c) is shown allowing greater vapor production as well as
vapor mixing with the bulk liquid, and an appreciable increase in
CHF for bottom wall heating compared to top wall heating. High
vapor production is also shown inducing significant vapor–liquid
mixing in Fig. 4(c) for the double-sided heating. CHF is greatly
enhanced with double-sided heating in comparison to top and bot-
tom wall heating because of axial flow acceleration resulting from
the increased void fraction. Fig. 4(d) shows flow behavior for
U = 0.97–0.98 m/s, where inertia appears to dwarf gravity effects,
resulting in more or less similar wavy vapor layer behavior for both
top wall heating and bottom wall heating, and the double-sided
heating combining vapor behaviors of the two walls when heated
separately. Another effect of the inertia dominated flow is a
narrower range of CHF values for the three wall heating configura-
tions compared to Fig. 4(c).

Fig. 4(e) and (f) shows images of the flow for G = 396.4–
404.1 kg/m2 s and G = 800.6–803.2 kg/m2 s, respectively, for inlet
quality ranging from 0.03 to 0.18. With a positive inlet quality,
vapor is observed entering the heated portion of the flow channel.
For top wall heating at G = 396.4–404.1 kg/m2 s, Fig. 4(e) shows a
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very thick wavy vapor layer, consisting of both the incoming vapor
and the vapor generated by heating, propagating along the top
wall. The thickness of the vapor layer increases with increasing
heat flux until the vapor appears to engulf the entire cross-
section at CHF. For bottom wall heating, high flow acceleration
resulting from the large void fraction confines vapor activity to
the bottom wall. This implies that the dominant role of gravity
observed in Fig. 4(a) and (c) is greatly compromised with saturated
inlet conditions. For double-sided heating, a three-layer separated
flow is established with wavy vapor layers covering both top and
bottom walls, and a middle liquid layer in between. Notice that
the top wall vapor layer is much thicker than the bottom wall
vapor layer. This can be explained by buoyancy effects accumulat-
ing both incoming and generated vapor toward the top wall. Fig. 4
(f) shows flow behavior for G = 800.6–803.2 kg/m2 s and
xe,in = 0.03–0.08. A lower inlet quality for this case compared to
Fig. 4(e) is shown reducing the amount of incoming vapor. There
is also better symmetry in wavy vapor layer development along
the top heated and bottom heated walls because of the high mass
velocity. Additionally, high inertia helps achieve closer CHF values
for the three wall heating configurations in Fig. 4(f) compared to
those in Fig. 4(e).

Fig. 5 shows 15 sequential images of the flow spaced 1.5 ms
apart at 74–86% CHF for top wall heating (with only H1 on), for
G = 400.3–1597.2 kg/m2 s (U = 0.25–0.98 m/s) and three types of
inlet conditions: highly subcooled, slightly subcooled, and
saturated. For high inlet subcooling of DTsub,in = 25.6 �C and
Fig. 4. Variations of interfacial behavior with increasing heat flux for top wall heating,
DTsub,in = 25.5–25.7 �C, (b) G = 1592.5–1601.3 kg/m2 s and DTsub,in = 24.5–25.0 �C, (c) G
DTsub,in = 3.3–5.0 �C, (e) G = 396.4–404.1 kg/m2 s and xe,in = 0.17–0.18, and (f) G = 800.6–8
U = 0.29 m/s, bubble nucleation commences downstream of the
inlet, and the bubbles coalesce into a wavy vapor layer. Increasing
the velocity to U = 0.98 m/s for the same high subcooling greatly
reduces the thickness of the vapor layer. For low inlet subcooling
of DTsub,in = 3.6 �C, bubbles are seen nucleating closer to the inlet
and coalescing into a thick wavy vapor layer. Increasing the veloc-
ity to U = 0.98 m/s for similarly small inlet subcooling decreases
the wavelength of the vapor layer while increasing the number
of wetting fronts in between. For saturated inlet conditions with
xe,in = 0.08–0.17, the vapor layer is initiated at the inlet where it
is fed by the incoming vapor. The combination of incoming vapor
and the vapor generated due to heating results in a comparatively
very thick vapor layer along the top heated wall.

Fig. 6 shows 15 sequential images of the flow spaced 1.5 ms
apart at 75–85% CHF for bottom wall heating (with only H2 on)
for G = 396.4–1601.3 kg/m2 s (U = 0.25–0.99 m/s) and three types
of inlet conditions: highly subcooled, slightly subcooled, and
saturated. For high inlet subcooling of DTsub,in = 25.5 �C and
U = 0.25 m/s, small vapor bubbles are seen forming upstream and
both growing and coalescing as they propagate along the bottom
wall. Relatively weak inertia allows gravity to draw the vapor
across the channel toward the top wall. Some of these bubbles
are seen to condense in the highly subcooled liquid. For a similar
subcooling and a higher velocity of U = 0.99 m/s, the vapor forma-
tion is pushed farther downstream and the vapor layer is much
thinner and, because of the high inertia, well confined to the lower
wall. For low inlet subcooling of DTsub,in = 5.1 �C and U = 0.25 m/s, a
double-sided heating, and bottom wall heating for (a) G = 408.6–469.8 kg/m2 s and
= 394.8–403.4 kg/m2 s and DTsub,in = 3.6–5.1 �C, (d) G = 1536.1–1570.3 kg/m2 s and
03.2 kg/m2 s and xe,in = 0.03–0.08.



Fig. 5. Sequential high-speed video images from top wall heating experiments for different mass velocities, inlet subcoolings, and inlet qualities.
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Fig. 6. Sequential high-speed video images from bottom wall heating experiments for different mass velocities, inlet subcoolings and inlet qualities.
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Fig. 7. Sequential high-speed video images from double-sided heating experiments for different mass velocities, inlet subcoolings, and inlet qualities.
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thick vapor layer is seen forming along the bottom wall growing in
thickness while approaching the top wall. Increasing the velocity
to U = 0.98 m/s for a similarly low inlet subcooling increases the
importance of inertia relative to buoyancy, which is manifest by
a lesser tendency of the bottom wall’s vapor layer to reach the
top wall. For saturated inlet conditions with xe,in = 0.03–0.18, the
flow is comprised of three layers at the inlet as described by
Kharangate et al. [26], with a very thin top layer of incoming vapor,
a middle liquid layer and the newly generated vapor layer along
the bottom wall. This behavior is less discernible downstream
because of the high vapor void fraction.

Fig. 7 shows 15 sequential images spaced 1.5 ms apart at 75–
83% CHF for double-sided heating (with H1 and H2 simultaneously
turned on) for G = 394.8–1592.5 kg/m2 s (U = 0.25–0.98 m/s) and
the three types of inlet conditions: highly subcooled, slightly sub-
cooled, and saturated. For high inlet subcooling of DTsub,in = 25.7 �C
and U = 0.25 m/s, there are clear differences in vapor formation
along the top and bottom walls. For the bottom wall, small bubbles
are generated along the bottom wall, which, because of relatively
strong gravity effects at this low velocity, travel across toward
the top wall where they accumulate into the top walls’ wavy vapor
layer. Increasing the velocity to U = 0.98 m/s for the same high inlet
subcooling strengthens inertia relative to gravity, which is mani-
fest by thinner vapor layers and lessened vapor accumulation
along the top wall. For low inlet subcooling of DTsub,in = 4.9 �C
and U = 0.25 m/s, the flow appears to combine the vapor layer
(a) 

(c) 

Fig. 8. Variations of CHF with (a) mass velocity, (b) inlet quality, and (c) inlet sub
behaviors exhibited by the two walls when heated separately as
shown in Figs. 5 and 6 for similar inlet conditions. Increasing the
velocity to U = 0.97 m/s for a similarly low inlet subcooling results
in wavy vapor layers along the top and bottom walls exhibiting a
wavy ‘meshing’ behavior, where the wave peak from one of the
heated walls grows toward the trough (wetting front) between
two wave peaks on the opposite wall, which is reminiscent of gear
meshing as discussed by Konishi et al. [21,22] for flow boiling in
microgravity at U = 0.1–1.9 m/s. For saturated inlet conditions with
xe,in = 0.07–0.17, vapor enters the heated portion of the channel
attached to the top wall. This causes large differences between
the thicknesses of the top and bottom layers, especially for the
lower mass velocity of G = 404.1 kg/m2 s.
4. Experimental results

4.1. CHF trends

Fig. 8(a) shows the variation of CHF with mass velocity for top
wall heating, bottom wall heating, and double-sided heating
configurations and the three inlet conditions of highly subcooled
(DTsub,in = 24.5–31 �C), slightly subcooled (DTsub,in = 3.3–7.7 �C),
and saturated (xe,in = 0.03–0.18).

For the low subcooling and saturated inlet cases, CHF for
G < 800 kg/m2 s is lowest for top wall heating due to vapor accu-
mulation along the top wall by the relatively strong buoyancy
(b) 

cooling for top wall heating, bottom wall heating and double-sided heating.
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effects as observed in Fig. 4(c) and (e). Also for G < 800 kg/m2 s,
bottom wall heating is shown to yield the highest CHF because
of the strong buoyancy effects that assist vapor removal from the
bottom heated wall toward the top unheated wall and increase
mixing as well as bulk liquid access to the bottom heated wall.
For the low subcooling and saturated inlet cases, double-sided
heating yields CHF values for G < 800 kg/m2 s that are in between
those for top wall heating and bottom wall heating. The double-
sided configuration could be viewed as a superposition of the
two other heating configurations. For low inlet subcooling
(DTsub,in = 3.3–7.7 �C) and G > 1600 kg/m2 s, double-sided heating
outperforms the other two configuration. As shown earlier in
Fig. 4(d), this inertia dominated range tends to confine vapor pro-
duction during double-sided heating to the individual walls, while
also capitalizing on the heat transfer enhancement resulting from
greater axial flow acceleration compared to individually heated
walls. Notice also for low inlet subcooling that CHF values for all
(a) 

(c) 

Fig. 9. Boiling curves for different mass velocities, inlet subcoolings, and inlet qualitie
three heating configurations converge around G = 3200 kg/m2 s,
where the vapor layers become quite thin and axial acceleration
quite low. For saturated inlet (xe,in = 0.03–0.18), CHF values for all
three heating configurations converge around 1600 kg/m2 s. With
respect to the high inlet subcooling (DTsub,in = 24.5–31 �C) cases,
Fig. 8(a) also shows that bottom wall heating outperforms the
other heating configurations for lower mass velocities, in this case
G < 1600 kg/m2 s. However, unlike the low subcooling and satu-
rated inlet cases, CHF for double-sided heating is lower than for
top wall heating for G < 1600 kg/m2 s. This behavior can be
explained by examining Fig. 4(a), which shows double-sided heat-
ing allowing vapor generated from the bottom wall to accumulate
along the top wall, resulting in further thickening of the top wall
vapor layer. Convergence of CHF values for the three heating con-
figurations for the high subcooling cases occurs around
G = 2400 kg/m2 s. Overall, it is worth noting that flow acceleration
is low for high subcooling, which may explain some of the
(b) 

s for (a) top wall heating, (b) bottom wall heating, and (c) double-sided heating.
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differences in CHF trends between high subcooling cases
on one hand and both low subcooling and saturated cases on the
other.

Fig. 8(b) shows the variation of CHF with inlet equilibrium
quality, xe,in, for top wall heating, bottom wall heating, and
double-sided heating configurations, and mass velocities
of G = 394.6–469.8 kg/m2 s, 793.3–836.8 kg/m2 s and 1536.1–
1601.3 kg/m2 s. In the subcooled region where xe,in < 0, CHF is seen
to decrease monotonically with increasing xe,in, (i.e., decreasing
inlet subcooling). Bottom heating and double-sided heating
show CHF continuing to decrease with increasing xe,in for xe,in > 0,
which is to be expected since reduced liquid content decreases
the energy required to trigger CHF. However, top wall heating
does not follow this trend and CHF increases with increasing xe,in
for xe,in > 0. This reversal in trend relative to the two other heating
configurations can be explained by the high positive xe,in values
producing appreciable flow acceleration, which increase inertia
compared to gravity effects, eliminating the detrimental effects
of vapor accumulation along the top wall.

Fig. 8(c) shows the variation of CHF with inlet subcooling for
only the highly subcooled and slightly subcooled cases. CHF
increases monotonically with increasing subcooling for all cases
Fig. 10. Temporal records of wall thermocouples during CHF transient for different mass
(a) DTsub,in = 24.5–25 �C, (b) DTsub,in = 3.3–5.0 �C, and (c) xe,in = 0.03–0.04.
because of the need to overcome the liquid’s increasing sensible
heat deficiency prior to evaporation. CHF variations among the
three different heating configurations for a given velocity are
consistent with those of CHF versus xe,in for xe,in < 0 in Fig. 8(b).
4.2. Flow boiling curves

As shown earlier in Fig. 2(c), the heated walls are fitted each
with seven thermocouples for wall temperature measurements.
The temperatures are designated as Tw1,n and Tw2,n, where 1 and
2 refer to top heated wall H1 and bottom heated wall H2, respec-
tively, and n thermocouple axial location along the respective
heated wall. Fig. 9(a) and (c) shows boiling curves for G = 394.8–
1601.3 kg/m2 s (U = 0.25–0.99 m/s) for top wall heating, bottom
wall heating, and double-sided heating, respectively, for highly
subcooled, slightly subcooled and saturated inlet conditions. The
wall heat flux, q00

w, is plotted against the difference between
average wall temperature, Tw,avg, and inlet saturation temperature,
Tsat,in. All curves exhibit trends observed in a typical boiling curve,
with the slope increasing as the flow transitions from single phase
to nucleate boiling, then decreasing sharply just before CHF.
However, the transition points differ for different inlet conditions
velocities and top wall heating, bottom wall heating, and double-sided heating for
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and heating configurations. For top wall heating and high inlet
subcooling of DTsub,in = 24.9–25.6 �C, Fig. 9(a) shows increasing G
from 469.8 to 1597.2 kg/m2 s shifts the entire boiling curve
upwards. An even more profound upward shift in the boiling curve
is achieved with increasing G for both low inlet subcooling of
DTsub,in = 3.3–3.6 �C and saturated inlet with xe,in = 0.04–0.18.
Increased sensitivity to G with low subcooling and saturated inlet
conditions reflects the strong negative influence of gravity in the
form of substantial thickening of the vapor layer along the top wall
for low G, compared to a more inertia dominated flow thinning the
same vapor layer for high G. For bottom wall heating, Fig. 9(b)
shows overall trends similar to those for top wall heating, with
the main difference that the overall influence of G is abated com-
pared to Fig. 9(a), especially for the low subcooling and saturated
inlet conditions. For double-sided heating, Fig. 9(c), where the
flow is influenced by vapor layer development along both
walls, the effect of G is exacerbated as for top wall heating, Fig. 9
(a). This effect is most pronounced for the saturated inlet cases
with xe,in = 0.03–0.17. Another observation in Fig. 9(c) is that the
boiling curves for the individual walls in the double-sided
configuration are more or less reflective of trends of same walls
in single-sided heating configurations, Fig. 9(a) and (b). A notable
difference for double-sided heating versus both top wall and
bottom wall heating is a steeper slope in the nucleate boiling
region, which, as discussed earlier, is a reflection of greater flow
acceleration with double-sided heating.
Fig. 11. Variations of average heat transfer coefficient with wall heat flux for different in
bottom wall heating, and (c) double-sided heating.
4.3. Heated wall temperatures

Fig. 10(a)–(c) shows temporal records of the heated wall tem-
peratures for G = 1536.1–1601.3 kg/m2 s for top wall heating, bot-
tom wall heating, and double-sided heating during the CHF
transient for highly subcooled (DTsub,in = 24.5–25 �C), slightly sub-
cooled (DTsub,in = 3.3–5.0 �C), and saturated (xe,in = 0.03–0.04) inlet
conditions, respectively. The x-axis in these plots indicates the
time in seconds starting the instant the last heat flux increment
that culminated in CHF is initiated. As discussed earlier, power
input to the heaters is automatically cut off once any of the relay
thermocouples exceeds 130 �C. A common trend observed for
most cases and all three heating configurations is temperatures
increasing from the leading edge of the heated wall (Tw1,1, Tw2,1)
to a maximum immediately downstream from the middle (Tw1,5

or Tw1,6, Tw2,5 or Tw2,6), before decreasing again toward the exit
(Tw1,7, Tw2,7). This trend is explained in a previous study by the
authors [23] as the result of flow acceleration and increased
vapor layer thickness on heat transfer. Fig. 10(a) shows CHF is
triggered over a much shorter time span for high inlet subcooling
of DTsub,in = 24.5–25 �C compared to both slightly subcooled inlet,
Fig. 10(b), and saturated inlet, Fig. 10(c).

4.4. Heat transfer coefficients

The local heat transfer coefficient at a thermocouple location
along a heated wall is obtained from the relation
let mass velocities, inlet subcoolings, and inlet qualities for (a) top wall heating, (b)
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hm;n ¼ q00
w

ðTwm;n � Tf Þ ; ð1Þ

where q00
w is the wall heat flux, Twm,n the wall temperature

measured along heated wall m (m = 1 for H1 and 2 for H2), n the
thermocouple location, and Tf the bulk fluid temperature. For
double-sided heating, the bulk fluid temperatures for the subcooled
and saturated regions are given, respectively, by

Tf ;nþ1 ¼ Tf ;n þ ðq00
w1 þ q00

w2ÞWDz
_mcp;f

for xe < 0; ð2aÞ

and

Tf ¼ Tsat for 0 � xe � 1: ð2bÞ
The above equations are also used for single-sided heating by

setting qw00
1 = 0 for bottomwall heating, or qw00

2 = 0 for top wall heat-
ing. A single value of the heat transfer coefficient is determined for
each thermocouple location, and the values for all thermocouples
along a heated wall are then spatially averaged to determine havg.

Fig. 11(a)–(c) shows the variations of havg with q00
w for

G = 394.8–1601.3 kg/m2 s and DTsub,in = 0–25.6 �C and xe,in = �0.31
to 0.18, for top wall heating, bottom wall heating, and double-
sided heating, respectively. For top wall heating, Fig. 11(a)
shows havg increases with increasing G for each set of inlet condi-
tions. For DTsub,in = 24.9–25.6 �C, the variation of havg with q00

w is
rather subdued. For DTsub,in = 3.3–3.6 �C and xe,in = 0.04–0.18, havg
increases to a peak value, and then decreases until CHF is reached.
Fig. 12. Variations of local heat transfer coefficient along the channel for double-sided he
(b) DTsub,in = 5 �C, and (c) xe,in = 0.03.
For xe,in = 0.04–0.18, havg is substantially higher than for
DTsub,in = 24.9–25.6 �C. This difference can be explained by the
highly subcooled flow inhibiting bubble nucleation along the
heated length, which compromises heat transfer effectiveness.
Fig. 11(b) and (c) shows fairly similar trends of havg versus q00

w for
bottom wall heating and double-sided heating, respectively.
Overall, Fig. 11(a)–(c) shows that the influence of G on havg is rela-
tively small for highly subcooled inlet, more significant for slightly
subcooled inlet, and quite substantial for saturated inlet. For top
wall heating and double-sided heating, the influence of G on havg
is apparent for both slightly subcooled and saturated inlet cases,
while for bottom heating, this influence is limited to saturated inlet
cases only. The variations of havg with q00

w for double-sided heating
in Fig. 11(c) bare some similarity to the variations of respective
individually heated top wall, Fig. 11(a), and bottom wall, Fig. 11
(b), though overall heat transfer performance is higher than for
single-sided heating. Comparing these trends with those for CHF
in Fig. 8(a)–(c) shows that increasing subcooling enhances CHF
but decreases havg significantly.

Thus far, double-sided heating appears to combine the effects of
single-sided heating configurations. To further explore this trend, it
is useful to examine the axial variations of the local heat transfer
coefficient, h, for the double-sided heating. Fig. 12(a)–(c) shows
these variations for G = 1536.3–1592.6 kg/m2 s for high subcooled
inlet (DTsub,in = 25 �C), slightly subcooled inlet (DTsub,in = 5.0 �C),
and saturated inlet (xe,in = 0.03), respectively. For DTsub,in = 25 �C,
Fig. 12(a) shows the variation of h with z is rather flat, but shifted
ating with increasing heat flux for G = 1536.1–1592.6 kg/m2 s and (a) DTsub,in = 25 �C,
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upwards with increasing q00
w. For DTsub,in = 5 �C, Fig. 12(b) shows a

similarly flat variation of h with z for low heat fluxes. And while
there is an upwards shift with increasing q00

w, there are appreciable
axial variations in h for high heat fluxes, especially close to CHF.
These spatial variations are the result of wavy vapor layer forma-
tion and development along the channel.

For saturated inlet with xe,in = 0.03, Fig. 12(c) shows variations
of h with z for heat fluxes ranging from 50% CHF to 96% CHF. Here,
h is highest at the inlet to the heated portion of the channel and
decreases appreciably with z before increasing again downstream.
The upstream decrease is apparently the result of appreciable
thickening of the incoming vapor layers along both walls due to
vapor generation by heating. However, h begins to increase
downstream due to intensified flow acceleration brought about
by the vapor production. Fig. 12(c) also shows h increasing with
increasing q00

w up to 73% CHF, because of the benefits of added flow
acceleration, and decreasing as CHF is approached as the
detrimental effects of thicker insulating vapor layers begin to
outweigh the merits of acceleration.

Fig. 13(a)–(c) shows the variations of h with z for double-sided
heating and different mass velocities for high subcooled inlet
(DTsub,in = 25–27.4 �C), slightly subcooled inlet (DTsub,in = 4.9–
6.7 �C), and saturated inlet (xe,in = 0.03–0.17), respectively. The val-
ues of wall heat flux in these figures correspond to those that yield
peak havg values as depicted earlier in Fig. 11(a)–(c). In Fig. 13(a),
the variation of h with z for DTsub,in = 25–27.4 �C is rather flat and
shifted upwards with increasing G. For DTsub,in = 4.9–6.7 �C,
(a) 

(c) 

Fig. 13. Variations of local heat transfer coefficient along the channel for double-sided
6.7 �C, and (c) xe,in = 0.03–0.17.
Fig. 13(b) shows h values increase appreciably compared to those
in Fig. 13(a), but the axial variations are more complex, reflecting
the aforementioned effects of both vapor layer development and
flow acceleration. For xe,in = 0.03–0.17, Fig. 13(c) shows improve-
ment in overall heat transfer performance, with the highest h
occurring at the upstream edge, and downstream variations
reflecting both vapor layer development and flow acceleration
effects. One notable trend in Fig. 13(c) is the significant difference
in heat transfer performance between the top and bottom
heating walls at the leading edge for G = 404.1 kg/m2 s. This trend
can be attributed to the combined effects of incoming vapor and
strong buoyancy accumulating vapor mostly against the top wall
for this low mass velocity. Fig. 13(a) and (c) shows that heat
transfer for DTsub,in = 25–27.4 �C and xe,in = 0.03–0.17, respectively,
is enhanced with increasing mass velocity. However, for
DTsub,in = 4.9–6.7 �C, Fig. 13(b) shows heat transfer performances
for G = 1536.1 kg/m2 s (U = 0.97 m/s) and G = 3211.6 kg/m2 s
(U = 2.04 m/s) are quite close. As explained by the authors in a
previous study [23], this apparent anomaly can be explained as fol-
lows. For low inlet subcooling, there is a trade-off when comparing
heat transfer results for different mass velocities at the same wall
heat flux, where a lower velocity yields higher vapor void,
especially downstream, offsetting the benefits of higher velocity.
The absence of this anomaly for DTsub,in = 25–27.4 �C, Fig. 13(a),
and xe,in = 0.03–0.17, Fig. 13(c), points to the complexity of assess-
ing the combined influence of inlet quality and mass velocity on
heat transfer and CHF.
(b) 

heating and different mass velocities for (a) DTsub,in = 25–27.4 �C, (b) DTsub,in = 4.9–



Fig. 14. (a) Variation of heat utility ratio with outlet subcooling for U = 0.25–1.5m/s,
and (b) comparison of CHF ratio of subcooled outlet to saturated outlet with
experimental data.
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4.5. Effects of subcooling on CHF

A series of prior studies by Galloway and Mudawar [34,35], and
Sturgis and Mudawar [24,25] have culminated in a theoretical
Interfacial Lift-off Model for flow boiling CHF corresponding to zero
subcooling that yields

CHFsat ¼ bqghfg
4prd

qg bk
2
c

sinðpbÞ
 !�����

z�

" #1=2
; ð3Þ

where b, d and kc, are, respectively, the ratio of wetting front length
to wavelength, mean vapor layer thickness, and critical wavelength,
all determined at axial location z* (extent of upstream wetting
front) using a two-phase slip flow model. The same model was later
proven by Zhang et al. to be highly effective at predicting CHF for
different flow orientation relative to Earth gravity [36] as well as
for flow boiling in microgravity [33]. Zhang et al. [19] later extended
this model to highly subcooled conditions according to

CHFsub ¼ b
e
qgðhfg þ cpf DTsub;outÞ 4prd

qg bk
2
c

sinðpbÞ
 !�����

z�

" #1=2
; ð4Þ

where DTsub,out is the outlet subcooling, and e the heat utility ratio.
Two key criteria concerning the magnitude of this parameter are
0 6 e 6 1 for subcooled flow, and e = 1 for saturated flow. Zhang
et al. [19] developed the following empirical relation for e,

e ¼ 1� 0:00285
qf

qg

cp;f DTsub;out

hfg

qf U
2D

r

 !0:2

; ð5Þ

where D is the channel’s hydraulic diameter.
Fig. 14(a) shows the variation of heat utility ratio according to

Eq. (5) for U = 0.25, 0.5, 1 and 1.5 m/s, and a saturation pressure
of 150 kPa. The heat utility ratio has a value of e = 1 forDTsub,out = 0,
and decreases with increasing subcooling. From Eq. (4), it is
evident that CHF increases with decreasing e, i.e., with increasing
subcooling. Fig. 14(a) shows a 20–45% decrease in e at 30 �C
subcooling, depending on flow velocity. This behavior is consistent
with the trend of CHF increasing monotonically with increasing
subcooling (albeit inlet rather than outlet) captured in Fig. 8(c)
for the present data. Another important trend that is manifest in
Fig. 14(a) is the steepening of negative slope of e, or positive slope
for CHF, with increasing velocity, a trend also captured in Fig. 8(c)
for bottom wall heating and double-sided heating, but not top wall
heating. This is a reflection of the fact that the influence of heat
utility ratio on CHF according to Eqs. (4) and (5) is intended to
account for the effects of subcooling and velocity but not gravity
[19]. For top wall heating, CHF is highly influenced by gravity for
low velocity and inertia for high velocity, which leads to a less than
monotonic variation of CHF versus velocity. The complex influence
of gravity on CHF for subcooled inlet conditions was recently
explored by the present authors [23] in regards to the role of inter-
facial instability in assessing the competing roles of gravity and
inertia for the three heating configurations shown in Fig. 1(a)–(c).

Dividing the expression for CHF for subcooled outlet conditions,
Eq. (4), by the expression for zero outlet subcooling, Eq. (3), and
substituting the expression for e, Eq. (5), yields the dimensionless
relation

CHFsub

CHFsat
¼

1þ cp;f DTsub;out
hfg

h i
1� 0:00285 qf

qg

cp;f DTsub;out
hfg

qf U
2 D

r

� �0:2 : ð6Þ

Using pairs of inlet subcooling conditions with the same flow
velocity for each of the three heating configurations, Fig. 14(b)
compares the measured CHF ratio for subcooled flow to saturated
flow at the exit with predictions according to Eq. (6). Note that the
curves for top wall heating and bottom wall heating in Fig. 14(b)
overlap. Overall, the measured trends are similar to those pre-
dicted by Eq. (6), however, the predictions show measureable
divergence from the data that increases with increasing subcool-
ing. Better predictions are achieved with top wall heating
compared to both bottom wall and double-sided heating.

Future studies with more extensive data may both refine this
comparison and yield more accurate correlations that are heating
configuration dependent. These endeavors must take advantage
of sophisticated instrumentation methods to measure local
liquid velocity [37] as well as interface location and temperature
distribution across the channel [38].
5. Conclusions

This study explored the influence of inlet subcooling and two-
phase inlet on flow boiling and CHF in a rectangular channel for
top wall heating, bottom wall heating and double-sided heating
configurations. FC-72 was used as a working fluid with three inlet
conditions: highly subcooled liquid (DTsub,in = 24.5–31 �C), slightly
subcooled liquid (DTsub,in = 3.3–7.7 �C), and saturated two-phase
mixture (xe,in = 0.03–0.18) for mass velocities of G = 205.1–
3211.6 kg/m2 s. High-speed video imaging was also used to
identify dominant interfacial characteristics for different combina-
tions of inlet conditions and heating configurations. Key findings
from the study are as follows.
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(1) Overall, gravity plays a dominant role on interfacial behavior
for low mass velocities around 400 kg/m2 s. This role is
manifest in vapor removal from the bottom wall and vapor
accumulation along the top wall. For mass velocities around
1600 kg/m2 s, inertia takes over, leading to formation of
similar wavy vapor layers along the top and bottom walls
when heated individually, and to double-sided heating
appearing as a superposition of vapor layer behaviors
observed in the single-sided heating configurations.

(2) Highly subcooled inlet produces a wavy vapor layer along
the top wall for low mass velocities compared to thin vapor
layers confined to the heated walls at high mass velocities.
For slightly subcooled inlet, a higher rate of vapor generation
is observed with distinct wavy vapor layers generated along
the heated walls. Saturated two-phase inlet results in a
complicated flow pattern due to interaction of vapor enter-
ing the channel with the vapor generation by heating.

(3) The average heat transfer coefficient increases with increas-
ing heat flux to a peak value before degrading as CHF is
approached. Heat transfer is improved significantly as inlet
conditions are changed from highly subcooled to slightly
subcooled to saturated. The local heat transfer coefficient
is fairly flat along the heating wall for highly subcooled inlet,
exhibits spatial fluctuations for slightly subcooled inlet
because of flow acceleration and vapor accumulation,
and decreases from peak value at the upstream edge for
saturated inlet.

(4) Overall, CHF increases considerably with increasing inlet
subcooling. Bottom wall heating provides the best perfor-
mance for gravity-dominated low velocity conditions, while
double-sided heating outperforms both top wall and bottom
wall heating for inertia-dominated high velocity conditions.

(5) Despite some divergence between predicted and measured
CHF values at high subcooling, heat utility ratio provides
an effective means for assessing the influence of inlet
subcooling on CHF.
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