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Lack of understanding of flow boiling behavior in reduced gravity poses a major challenge to the devel-
opment of future space vehicles utilizing two-phase thermal control systems (TCSs). A cost effective
method to investigating the influence of reduced gravity on flow boiling is to perform ground experi-
ments at different orientations relative to Earth gravity. This paper is the first part of a two-part study
aimed at exploring flow boiling mechanisms of FC-72 in a rectangular channel heated along one wall
or two opposite walls. Experiments are performed in vertical upflow, vertical downflow and horizontal
flow, subject to large variations in mass velocity, inlet quality and wall heat flux. Detailed measurements
are used to investigate the influences of orientation, and therefore gravity, on boiling curve, local and
average heat transfer coefficients, and pressure drop, and their relationship with interfacial behavior is
captured with high-speed video. For horizontal flow, the effects of gravity are reflected in appreciable
stratification across the channel at low mass velocities, with gravity aiding vapor removal from, and liq-
uid return to the bottom heated wall, while accumulating vapor along the top heated wall. For vertical
upflow and vertical downflow, with both single-sided and double-sided heating, there is far better sym-
metry in vapor formation along the channel. The heat transfer coefficient shows significant variations
among the different orientations and heating configurations at low mass velocities, but becomes insen-
sitive to orientation above 800 kg/m2 s, proving inertia around this mass velocity is effective at negating
any gravity effects. For lowmass velocities, pressure drops are fairly equal for vertical upflow and vertical
downflow, but greater than for horizontal flows. However, fairly equal pressure drops are achieved at
high mass velocities for all orientations. Overall, this study proves that gravity effects on two-phase pres-
sure drop and two-phase heat transfer are dictated mostly by mass velocity and, to a lesser extent, by
inlet quality.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Two-phase thermal management of high-flux devices

Advances in many electronics technologies, especially during
the past two decades, have resulted in unprecedented increases
in device functionality. Accompanying these advances, however,
have been alarming increases in the amounts of waste heat at
the device, module and system levels. Those increases brought to
the forefront of electronics system design the task of removing
the heat while maintaining acceptable device temperatures. And
applications facing this challenge span a broad range of industries,
including high performance computer chips, computer data cen-
ters, hybrid vehicle power electronics, X-ray medical devices, com-
mercial and military avionics, and both laser and microwave
directed-energy defense electronics [1].

Poor thermophysical properties have already precluded air as
viable coolant in most of these applications, and shifted focus to
liquid coolants, using both single-phase and two-phase cooling
technologies. And while designers of thermal management sys-
tems favor the former, because of their relative simplicity and
lower cost, single-phase liquid cooling is no longer capable of cop-
ing with the sharp increases in heat dissipation. This explains the
recent surge in number of published articles addressing the design
and thermal performance of two-phase thermal management sys-
tems. These systems offer appreciable increases in heat transfer
coefficients associated with heat acquisition from the device by
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Nomenclature

Bo Bond number, geðqf � qgÞD2
h=r

Dh hydraulic diameter of flow channel
G mass velocity
ge Earth gravity
H height of flow channel’s cross-section
h heat transfer coefficient
Ha heated wall a
Hb heated wall b
L length
Ld development length of flow channel
Le exit length of flow channel
Lh heated length of flow channel
p pressure
pin pressure at inlet to heated portion of channel
Dp pressure drop across heated portion of channel
q00w wall heat flux
Ref liquid Reynolds number, Gð1� xeÞDh=lf
T temperature
Tin temperature at channel inlet
Tsat saturation temperature
Tsat,in saturation temperature at inlet to heated portion of

channel

Tw,avg spatial average of wall temperatures
W width of flow channel’s cross-section
xe thermodynamic equilibrium quality
z axial coordinate measured from inlet to heated portion

of channel

Greek symbol
h flow orientation angle
l dynamic viscosity
q density
r surface tension

Subscripts
avg spatial average
f liquid
g vapor
in inlet to heated portion of channel
m wall identifier (a for heater Ha or b for heater Hb)
n axial thermocouple location
sat saturated
w wall
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boiling, and ultimate heat rejection by condensation. The
remarkable enhancement in boiling heat transfer effectiveness is
derived from their ability to utilize both sensible and latent heat
of the coolant compared to only sensible heat for single-phase
counterparts.

One of the attractive attributes of two-phase thermal manage-
ment systems is their ability to operate in a number of boiling
schemes, which can be categorized into pool boiling thermosyphon
[2,3], falling film [4,5], channel flow boiling [6], micro-channel
boiling [7,8], jet impingement [9,10], and spray [11–13], as
well as hybrid schemes [14] combining two or more boiling
schemes.
1.2. Two-phase flow and heat transfer in future space missions

With multiple long duration space missions planned for the
future, each subjected to wide ranging gravity environments,
design of thermal management systems for these missions poses
significant challenges. Most urgent among those is the need to
greatly reduce the size and weight of all components comprising
a space vehicle, including those tasked with the thermal
management.

The tasks of heat acquisition (from crew and avionics), heat
transport, and heat rejection (via condenser/radiation) onboard a
space vehicle are tackled by a Thermal Control System (TCS). A
TCS that relies on phase change is ideally suited to meet the needs
of reducing system size and weight, by capitalizing upon the orders
of magnitude enhancement in heat transfer coefficients associated
with flow boiling and condensation compared to single-phase liq-
uid systems [15]. But two-phase systems are also encountered in
other space applications, such as the Fission Power System (FPS)
using the Rankine power cycle [15,16].

Despite the obvious merits of two-phase systems, limited
understanding of the effects of microgravity is one of the biggest
obstacles to their implementation. This limited understanding
has spurred a series of research efforts in pursuit of mechanistic
understanding and predictive tools for all aspects of two-phase
flow and heat transfer in microgravity, including adiabatic flow
[17–20], flow boiling [21–26], and flow condensation [27–31].
1.3. Saturated versus subcooled inlet conditions in flow boiling

Flow boiling in a heated channel can be implemented by sup-
plying the coolant in either saturated state, as a liquid–vapor mix-
ture, or subcooled liquid state, at a temperature below the
saturation temperature corresponding to inlet pressure. For equal
inlet pressure and mass velocity, saturated and subcooled boiling
produce vastly different two-phase flow patterns along the chan-
nel, which also lead to drastic differences in pressure drop, local
heat transfer coefficient, and critical heat flux (CHF).

Subcooled boiling is especially advantageous for situations
involving high heat fluxes, where cooling capacity of the working
fluid is ameliorated by using its sensible in addition to latent heat.
With high inlet subcooling, especially in conjunction with high
mass velocity, void fraction is reduced everywhere along the flow
tube, which decreases the likelihood for vapor blanket formation,
a key precursor for CHF.

Despite the obvious merits of subcooled boiling, the ability to
supply coolant in subcooled state in a TCS is highly system related,
and may not be possible everywhere in a closed two-phase loop.
For example, the avionics in a space vehicle are cooled by a series
of cooling modules called ‘cold plates’. The working fluid is typi-
cally supplied in subcooled state, and gradually loses its enthalpy
along the loop. Therefore, cold plates connected closest to the
pump can take full advantage of the fluid’s subcooling, while those
downstreammust contend with saturated inlet conditions. For this
reason, design of cooling hardware for avionics requires rigorous
understanding and predictive tools for both subcooled and satu-
rated inlet conditions. With much of the available literature dedi-
cated to subcooled inlet conditions, the present study will be
focused entirely on saturated inlet conditions.
1.4. Effects of channel inclination on flow boiling

Gravity influences flow boiling through buoyancy, which is pro-
portional to the product of gravity and density difference between
liquid and vapor. Researchers have relied on different testing plat-
forms to simulate reduced gravity in two-phase flow and heat
transfer experiments. They include drop towers, drop shafts,
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parabolic flight aircraft, sounding rockets, and the international
Space Station (ISS) [31]. However, such tests can be cost pro-
hibitive, and often preclude the ability to amass large databases
corresponding to broad ranges of operating conditions.

The most cost effective method to investigating the influence of
reduced gravity on flow boiling is to perform a series of experi-
ments at different flow orientations relative to Earth gravity. Using
a rectangular flow channel, each orientation produces a partial
component of gravity perpendicular to the heated wall(s) of the
channel. A key disadvantage of this method is its inability to com-
pletely isolate the effects of gravity perpendicular to, from those
parallel to the heated wall.

The effects of gravity or body force on flow boiling are felt
mostly at low mass velocities, which are associated with weak
inertia. Here, flow orientation has a major influence on interfacial
structure everywhere along the channel, including the heated wall.
Orientations that enhance vapor removal from, and liquid return to
the heated wall are especially effective at delaying CHF compared
to orientation that accumulate vapor against the heated wall.

Zhang et al. [32,33] investigated flow boiling in a rectangular
channel that was heated along one wall. Their tests were per-
formed by supplying slightly subcooled FC-72 to the channel over
a range of mean inlet liquid velocities from 0.1 to 1.5 m/s. The
influence of flow orientation was examined by performing tests
at different channel inclinations in 45� increments. The lowest inlet
velocity produced the most profound variations in interfacial
behavior, which were reflected in substantial variations in CHF
for different orientations. For the horizontal orientation with the
heated wall facing upwards (h = 0�), flow boiling resembled pool
boiling, with the buoyancy aiding vapor removal from, and liquid
return to the heated wall. On the other hand, the opposite orienta-
tion of horizontal flow with the heated wall facing downwards
(h = 180�) caused buoyancy to accumulate vapor against the heated
wall, which was reflected in very low CHF value. Overall, buoyancy
had an enhancing influence on CHF for the combination of vertical
or near vertical upflow and upward facing heated wall. The oppo-
site trend was achieved for the combination of vertical or near ver-
tical downflow and downward facing heated wall. Vertical
downflow was especially problematic because of the opposite
influences of the downward-facing liquid drag and upward-
facing buoyancy causing the vapor to move either in the flow direc-
tion when liquid drag is greater, opposite to the flow direction
when buoyancy is greater, or even stagnate along the channel
when the two forces are equal. Zhang et al. showed that the influ-
ence of flow orientation, and therefore gravity, diminishes with
increasing inlet velocity. In fact, fairly equal CHF values were
achieved irrespective of orientation once the inlet velocity
approached 1.5 m/s. This minimum velocity culminating in equal
CHF values is an important design parameter since it provides
the thermal engineer great flexibility in selecting cooling channel
orientation.

Konishi et al. [34] later performed similar flow boiling experi-
ments in a rectangular channel featuring one heated wall at differ-
ent orientations but with saturated inlet conditions associated
with a finite inlet void fraction. Despite some similarities in CHF
trends with flow orientation and mass velocity, increased void fac-
tion in the channel for saturated inlet conditions had a profound
influence on interfacial behavior everywhere along the channel.
This influence was also reflected in the value of minimum velocity
corresponding to CHF independent of flow orientation.

1.5. Objective of study

This study is a part of a NASA project whose ultimate goal is to
develop the Flow Boiling and Condensation Experiment (FBCE) for
the International Space Station (ISS). The flow boiling channel and
ancillary instrumentation used in this study closely resemble those
of the ISS FBCE. The present two-part study is focused on the flow
boiling portion of the project, and involves performing tests at dif-
ferent flow orientations relative to Earth gravity to gain a broad
fundamental understanding of the influences of body force and
mass velocity on two-phase flow and heat transfer for saturated
inlet conditions.

This study is a follow up to a series of studies that have been
undertaken at the Purdue University Boiling and Two-Phase Flow
Laboratory (PU-BTPFL) to address the interrelated influences of
mass velocity and flow orientation for subcooled [32,33] and satu-
rated inlet conditions [34–36]. But a key focus of this study is
addressing the added complexities of single-sided versus double-
sided heated wall configurations. These two configurations were
recently examined only for horizontal flow [37,38], and showed
profound differences in interfacial behavior between the opposite
heated walls at low velocities. In the present study, the single-
sided and double-sided heating configurations will be tested in
horizontal flow, Fig. 1(a), vertical upflow, Fig. 1(b), and vertical
downflow, Fig. 1(c). The flow schematics in these figures, which
will be discussed later in this paper, reflect saturated inlet condi-
tions that produce a large vapor core along the channel.

This study will provide the most comprehensive assessment to
date of the effects of mass velocity, flow orientation, and both
single-sided and double-sided heating for saturated inlet condi-
tions. Presented is a mechanistic understanding of observed and
measured trends, and detailed predictive models for flow struc-
ture, liquid and vapor area fractions and velocities, pressure drop,
and CHF. This first part of the study will explore the experimental
trends, including flow visualization of the interfacial behavior, boil-
ing curves, local and average heat transfer characteristics, and
pressure drop, while the second part [39] will be dedicated entirely
to CHF mechanisms and predictions.
2. Experimental methods

2.1. Flow boiling module

A highly instrumented flow boiling module is designed for the
present experiments. As shown in Fig. 2(a) and (b), thismodule con-
sists of three transparent polycarbonate plastic (Lexan) plates sand-
wiched between two aluminum support plates. The transparent
plates allow optical access to the boiling flow along two opposite
sidewalls. The middle Lexan plate is milled to produce a 2.5-mm
by 5-mm rectangular channel. Fig. 2(c) shows the channel consist-
ing of an upstream developing length of Ld = 327.9 mm, a heated
length of Lh = 114.6 mm, and an exit section of Le = 60.9 mm. A hon-
eycomb flow straightener is inserted in the inlet of the channel to
break any large eddies. The upstream developing length is 100
times the hydraulic diameter of the channel, which is intended to
ensure fully developed flow upstream of the heated length. Two
copper slabs are inserted into rectangular grooves on either side
of the middle Lexan plate, serving as heated walls along the two
opposite 2.5-mm wide walls of the channel’s heated section.

Fluid pressure is measured at five locations along the channel:
the first in the inlet port, two in the developing region, one just
upstream of the heated region, and one just downstream of the
heated region. Fluid temperature measurements are made with
type-E thermocouples inserted into the flow in the inlet and outlet
ports.
2.2. Construction of heated walls

Fig. 2(d) shows the detailed construction of the heated
walls. Each heated wall contains six of 188-X, 4.5-mm wide and
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Fig. 1. Schematics for saturated flow boiling with single-sided and double-sided heating in (a) horizontal flow, (b) vertical upflow, and (c) vertical downflow orientations.
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16.4-mm long thick-film resistors that are soldered to the backside
of the copper slab. All resistors are connected in parallel to ensure
uniform heat flux, and are powered by a single variable voltage
source. Two sets of type-E thermocouples are inserted into shallow
grooves between the resistors as shown in Fig. 2(e). One set is used
for wall temperature measurements while the other is connected
to a relay, set to automatically cut off power supply to the resistors
should any of the wall temperatures exceed 130 �C, which indi-
cates that CHF had already occurred. The thermocouples are desig-
nated as Twm,n, where m represents the heated wall (Ha for heated
wall a or Hb for heated wall b), and n the axial thermocouple loca-
tion. The electrical control system allows power input to be turned
on to one heated wall at a time, or to both walls simultaneously, in
order to conduct either single-sided and double-sided heated wall
experiments.

2.3. Fluid conditioning loop

The desired operating conditions at the inlet of the flow boiling
module are achieved using the two-phase conditioning loop shown
in Fig. 3(a). The working fluid, FC-72, is circulated in the loop using
a magnetically coupled gear pump situated beneath the loop’s
reservoir. Exiting the pump, FC-72 liquid is passed through a filter,
followed by a turbine flow meter before entering a set of two pre-
heaters connected electrically in parallel to achieve a two-phase
mixture at the inlet to the flow boiling module situated immedi-
ately downstream. The flow quality increases further due to
heating along the flow boiling module. The two-phase mixture
exiting the flow boiling module is passed through a water-cooled
liquid-to-liquid heat exchanger, which converts the FC-72 back
to liquid state before returning to the reservoir. The reservoir pro-
vides a reference pressure set point for the entire loop.

The flow boiling module, heater and temperature controls, and
video camera system are mounted on a rigid optical table as shown
in Fig. 3(b).

2.4. Flow visualization techniques

Two-phase interfacial features are captured along the heated
portion of the flow channel with the aid of a high-speed camera.
A fixed frame rate of 2000 frames per second (fps) and pixel reso-
lution of 2040 � 156 are used to capture the entire heated length
for each test run. Each video image sequence consists of 2000
frames, or 1.0-s of flow visualization data. Illumination is provided
from the opposite side of the flow channel by four LEDs, with a
light shaping diffuser (LSD) situated between the LEDs and the
channel to enhance illumination uniformity.

2.5. Operating conditions, operating procedure, and measurement
uncertainty

The operating conditions for the study are as follows: FC-72
inlet pressure of pin = 109.7–191.8 kPa (15.9–27.8 psi), inlet
temperature of Tin = 54.2–81.3 �C, mass velocity of
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G = 183.5–2030.3 kg/m2 s, and inlet thermodynamic equilibrium
quality of xe,in = 0.00–0.69. Li and Wu [40] developed a criterion
for transition from conventional to micro/mini-channel flow
behavior. Wu et al. [41] and Li and Wu [42] validated this criterion
for CHF and pressure drop data, respectively. According to the
criterion by Li and Wu [42], BoRe0:5f > 200 for all test cases of the
present study. Therefore, macro-channel phenomena prevail for
the entire study.

Once steady-state pressures, temperatures and flow rate are
achieved everywhere in the loop, power is turned on to the specific
heated wall or both walls, and a new waiting period is initiated
before acquiring steady-state data and triggering the video camera
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Fig. 3. (a) Flow loop diagram. (b) Photos of flow boiling module (FBM).
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to record flow visualization data. The power is increased in several
small increments and mass flow rate is maintained by adjusting
the pump’s rotational speed following each increment. The data
are measured using a LabVIEW code in conjunction with an NI
SCXI-1000 data acquisition system. To protect the heated walls
against physical damage from CHF, the heated wall relays are
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programmed to automatically cut off power supply to the heated
walls should any of the wall temperatures exceed 130 �C.

Type-E thermocouples with an accuracy of ±0.5 �C are used to
measure fluid and heated wall temperatures throughout the facil-
ity. Pressure measurements at the inlet of the upstream preheater
and several locations along the flow boiling module are made with
STS absolute pressure transducers with an accuracy of ±0.05%. The
turbine flow meter has an accuracy of ±0.1%. The wall heat input is
measured with an accuracy of ±0.5 W, and the overall uncertainty
in determining the heat transfer coefficient is ±8%.
3. Flow visualization results

3.1. Flow orientation nomenclature

Fig. 4(a) and (b) illustrates the four flow orientations examined
in this study for single-sided and double-sided heating, respec-
tively. For all these orientations, the flow is shown entering from
the center and radiating outwards. Three directions are tested:
horizontal flow (h = 0� and 180�), vertical upflow (h = 90�), and
vertical downflow (h = 270�). For horizontal flow, two different
(a)

(b)

a)

θ = 90°

180°

270°

Ha

Ha

Ha

b)

Hb

180°
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Fig. 4. Flow orientation and heater nomenclature for (a) single-s
orientations are tested for single-sided heating: upward-facing
heated wall (h = 0�) and downward-facing heated wall (h = 180�).
For horizontal flow with double-sided heating, the orientations
h = 0� and h = 180� are identical due to symmetry, so only h = 0�
is tested.

Flow visualization at high mass velocities and high inlet quali-
ties did not provide clear video images of the flow because high
vapor shear at these conditions greatly reduced the thicknesses
of the individual liquid and vapor layers adjacent to the heated
wall, rendering identification of any near-wall effects quite elusive.
Therefore, flow visualization results from only the low flow rate
and low inlet quality tests are presented in this study.
3.2. Flow visualization results for horizontal flow

Using the schematics in Fig. 5(a) as guide, individual images of
flow boiling along the entire heated portion of the channel are
provided in Fig. 5(b)–(g) for horizontal flow with top wall heating,
top and bottom wall heating, and bottom wall heating, and
increasing heat flux (up to 91% CHF), at mass velocities of
G = 192.5–420.0 kg/m2 s with qualities at the inlet to the heated
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Fig. 5. (a) Heated wall configurations for horizontal flow, and corresponding variations of interfacial behavior with increasing heat flux for (b) G = 199.5–217.9 kg/m2 s and
xe,in = 0.00–0.02, (c) G = 198.4–209.5 kg/m2 s and xe,in = 0.07–0.10, (d) G = 192.5–210.3 kg/m2 s and xe,in = 0.16–0.21, (e) G = 198.5–207.5 kg/m2 s and xe,in = 0.22–0.25,
(f) G = 399.7–409.9 kg/m2 s and xe,in = 0.03–0.04, and (g) G = 405.9–420.0 kg/m2 s and xe,in = 0.06–0.07.
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portion ranging from xe,in = 0.00 to 0.25. At G = 199.5–217.9 kg/m2 s
and xe,in = 0.00–0.02, Fig. 5(b), top wall heating shows vapor gener-
ated along the top wall combining with incoming elongated vapor
bubbles, further increasing vapor accumulation along the heated
wall. Top and bottom wall heating show similar behavior along
the top wall, with small bubbles from the bottom wall migrating
across the channel toward the top wall. For bottom wall heating,
relatively large vapor bubbles generated along the bottom wall
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are seen mixing with the incoming vapor, especially when the heat
flux is increased. It is important to note that, for bottom wall heat-
ing, the heat flux values, including CHF, are substantially greater
for bottom wall heating than the two other heating configurations.
This behavior is caused by buoyancy aiding vapor removal from
the bottom wall and wall replenishment with liquid, as described
by Kharangate et al. [38] for a wide range of inlet conditions
including xe > 0. Similar interfacial behavior is observed for all
three heated wall configurations for xe,in = 0.07–0.10, Fig. 5(c). But
as inlet quality is increased to xe,in = 0.16–0.21 for fairly similar
mass velocities, Fig. 5(d), the incoming vapor flow exhibits longer
vapor bubbles and shorter liquid slugs. A further increase in inlet
quality to xe,in = 0.22–0.25, also at about the same mass velocity,
Fig. 5(e), triggers liquid–vapor stratification along the entire
channel, and heating along any or both walls causes the generated
vapor to combine with the incoming stratified vapor. Fig. 5
(f) and (g) show images corresponding to higher mass velocity in
the range of G = 399.7–420.0 kg/m2 s. While the boiling behavior
is not significantly different from that observed at the lower veloc-
ities in Fig. 5(b)–(e), there are signs of inertia sweeping interfacial
features along the channel with greater intensity.
(a)

(b)

Fig. 6. (a) Heated wall configurations for vertical upflow, and corresponding variation
and xe,in = 0.00–0.02, (c) G = 224.9–231.8 kg/m2 s and xe,in = 0.06, (d) G = 234.8–236.
(f) G = 406.1–409.0 kg/m2 s and xe,in = 0.03.
3.3. Flow visualization results for vertical upflow

The schematics in Fig. 6(a) serve as guide for the two heating
configurations associated with vertical upflow. Fig. 6(b)–(e) shows
individual images of flow boiling along the entire heated portion of
the channel for vertical upflow with single-sided and double-sided
heating for mass velocities in the range of G = 210.6–236.3 kg/m2 s
and two heat fluxes, with the inlet quality gradually increased from
xe = 0.00–0.02, Fig. 6(b), to xe,in = 0.17–0.19, Fig. 6(e). Both single-
sided and double-sided heating configurations show bubbles
nucleating along the heated wall(s), with the increasing heat flux
yielding larger coalescent vapor masses along the channel. The
increase in inlet quality is shown culminating in elongated vapor
bubbles entering the channel, which are shown growing and being
distorted by the vapor generated along the heated wall(s). Fig. 6(f)
shows similar interfacial behavior for the higher mass velocity of
G = 406.1–409.0 kg/m2 s. Overall, the main difference between ver-
tical upflow and horizontal flow is a tendency for vapor in the for-
mer to flow symmetrically along the channel with no apparent bias
towards either wall, while the vapor in horizontal flow has a clear
tendency to stratify towards the top wall.
(c) (d)

(e) (f)

s of interfacial behavior with increasing heat flux for (b) G = 221.0–225.6 kg/m2 s
3 kg/m2 s and xe,in = 0.09, (e) G = 210.6–222.3 kg/m2 s and xe,in = 0.17–0.19, and
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3.4. Flow visualization results for vertical downflow

Fig. 7(a) serves as guide for the two heating configurations used
in conjunction with vertical downflow. Fig. 7(b) and (c) shows indi-
vidual images of flow boiling along the entire heated portion of the
channel for vertical downflow with single-sided and double-sided
heating at mass velocities in the range of G = 205.2–217.9 kg/m2 s
and two heat fluxes, the main difference being a relatively low
quality of xe,in = 0.01–0.03 in Fig. 7(b), compared to a higher quality
of xe,in = 0.09 in Fig. 7(c). Both inlet quality ranges exhibit vapor
coalescence in the heated portion of the channel into a large bub-
ble. Fig. 7(d) and (e) shows images for a higher mass velocity range
of G = 405.4–422.0 kg/m2 s, with xe = 0.04–0.05 and 0.07–0.08,
respectively. With no heating, vapor is seen forming a large vapor
bubble marred by many ripples along the vapor–liquid interface,
which are caused by buoyancy acting opposite (upwards) to the
main downflow direction. Increasing the heat flux for both heated
wall configurations is reflected in increased vapor void along the
heated portion of the channel.
Fig. 7. (a) Heated wall configurations for vertical downflow, and corresponding variations
xe,in = 0.01–0.03, (c) G = 210.8–214.6 kg/m2 s and xe,in = 0.09, (d) G = 405.3–422.0 kg/m2 s
4. Experimental results

4.1. Flow boiling curves

4.1.1. Flow boiling curves for horizontal flow
Fig. 8(a) shows flow boiling curves for horizontal flow with

single-sided heating and different combinations of mass velocity
and inlet quality. The boiling data are presented as variations of
wall heat flux, q00

w, with the difference between average wall
temperature, Tw,avg, and inlet saturation temperature, Tsat,in. The
data exhibit typical flow boiling curve trends with the slope
increasing appreciably around the region of initial bubble nucle-
ation, and the wall temperature increasing sharply in an unsteady
manner at CHF. Increasing the mass velocity is shown shifting the
boiling curve to the left, indicating an enhancement in the heat
transfer coefficient, as well as increasing CHF. Notice the large
differences in heat transfer data for bottom wall heating compared
to top wall heating, especially for the lowest mass velocities of
G = 198.4–206.2 kg/m2 s. The top wall heating is shown yielding
of interfacial behavior with increasing heat flux for (b) G = 205.2–217.9 kg/m2 s and
and xe,in = 0.04–0.05, and (e) G = 416.6–421.1 kg/m2 s and xe,in = 0.07–0.08.
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far more inferior heat transfer performance,which can be explained by
the appreciable vapor stratification along the top wall as shown earlier
in Fig. 5(c). Increasing the mass velocity in Fig. 8(a) is reflected by the
top wall heating and bottom wall heating acquiring fairly equal slope,
and the differences in heat transfer performance decreasing because
of the increasing magnitude of flow inertia compared to buoyancy.
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Fig. 8(b) shows flow boiling curves for horizontal flow with
double-sided heating. While the top wall shows slightly higher
heat transfer performance and triggers CHF consistently for all
mass velocities, there is closer agreement in heat transfer data
between the two heated walls for each mass velocity compared
to those in Fig. 8(a). This trend can be explained by the two heated
walls increasing void fraction, thereby increasing flow acceleration
and better combating buoyancy effects compared to a single
heated wall.

4.1.2. Flow boiling curves for vertical upflow
Fig. 8(c) shows flow boiling curves for both vertical upflow and

vertical downflow with single-sided heating and different combi-
nations of mass velocity and inlet quality. For vertical upflow, there
is a monotonic enhancement in heat transfer performance and CHF
with increasing mass velocity. A similar trend is observed in Fig. 8
(d), which shows boiling curves for vertical upflow with double-
sided heating. Because of symmetry, there is some randomness
regarding which of the two walls provides the better performance
in two-sided heating.

4.1.3. Flow boiling curves for vertical downflow
The boiling data for vertical downflowwith single-sided heating

is shown on Fig. 8(c), which reflects the same trends as those for
vertical upflow with single-sided heating. This lack of differences
between vertical upflow and vertical downflow is attributed to
the saturated inlet conditions producing a central elongated vapor
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core that grows along the heated portion of the channel due to
vapor production, while pushing liquid against both the heated
and insulated walls, as observed in Fig. 6(c) for vertical upflow
and Fig. 7(c) for vertical downflow. One major exception is a large
difference in CHF for the lowest mass velocity, which can be
explained by buoyancy playing a more significant role at low
velocity compared to flow inertia. Fig. 8(e) shows general trends
for double-sided vertical downflow resemble those for single-
sided heating. Because of similarity in both the flow and heating
boundaries, there is randomness as to which of the two walls pro-
vides the better performance.

4.2. Heat transfer coefficient

4.2.1. Average heat transfer coefficient
In this study, the FC-72 enters the channel as a saturated two-

phase mixture at Tsat, and this temperature is maintained along
the entire heated portion of the channel. The local heat transfer
coefficient at each thermocouple location along the heated wall
is defined as hm;n ¼ q00

w=ðTwm;n � TsatÞ, where q00
w is the wall heat flux,

Twm,n the wall temperature measured along heated wall m (m = a
for Ha and b for Hb), and n the thermocouple location. The local heat
transfer coefficient values are then spatially averaged to obtain
havg.

Fig. 9(a) and (b) show variations of havg with wall heat flux for
horizontal flow with single-sided heating and inlet qualities rang-
ing from xe,in = 0.03 to 0.63 for two ranges of mass velocity,
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G = 387.0–419.0 kg/m2 s and G = 784.4–804.0 kg/m2 s, respectively.
Overall, these figures show havg increasing monotonically with
increasing wall heat flux. For the lower mass velocity range,
Fig. 9(a) shows inlet quality having a measurable influence on havg
for top wall heating, but a much weaker influence for bottom wall
heating. The heat transfer performance for top wall heating at the
highest inlet quality of xe,in = 0.63 is especially intriguing. Its
behavior is drastically different in comparison with top wall heat-
ing with at an inlet quality of xe,in = 0.31. Two effects are encoun-
tered as inlet quality is increased from 0.31 to 0.63. They are (a)
increased liquid and vapor velocity due to flow acceleration, and
(b) increased vapor quality in the flow. The increase in quality
causes a scarcity of liquid in the incoming flow, and therefore a
very thin, high velocity liquid film is formed along the top wall,
resulting in very high havg at low heat fluxes. But as the heat flux
increases, partial dryout in the same liquid film drastically com-
promises havg, also paving the way for early CHF occurrence.
Fig. 9(b) shows that increasing mass velocity provides better agree-
ment between top wall and bottom wall heating, presumably
because of increased flow inertia compared to buoyancy.

Fig. 9(c) and (d) shows havg results for vertical upflow and ver-
tical downflow with single-sided heating with qualities in the
range of xe,in = 0.03–0.63 and two ranges of mass velocity,
G = 400.3–428.8 kg/m2 s and G = 780.8–863.6 kg/m2 s, respectively.
For the lower mass velocity range, Fig. 9(c) shows far closer agree-
ment in havg between vertical upflow and vertical downflow than
horizontal flow, Fig. 9(a), proving these operating conditions corre-
spond to flows dominated by inertia. With even stronger inertia for
G = 780.8–863.6 kg/m2 s, Fig. 9(d) shows even closer agreement
between vertical upflow and vertical downflow.

Fig. 10(a) and (b) show variations of havg with wall heat flux for
horizontal flow with double-sided heating and inlet qualities from
xe,in = 0.03 to 0.63 for two ranges of mass velocity, G = 393.3–
404.5 kg/m2 s and G = 777.4–786.4 kg/m2 s, respectively. Fig. 10
(c) and (d) shows havg variations for vertical upflow with double-
sided heating and inlet qualities from xe,in = 0.03 to 0.61 for
G = 391.7–409.0 kg/m2 s and G = 786.4–809.1 kg/m2 s, respectively.
Similarly, Fig. 10(e) and (f) shows havg plots for vertical downflow
with double-sided heating and inlet qualities from xe,in = 0.03 to
0.61 for G = 394.9–427.3 kg/m2 s and G = 782.1–844.7 kg/m2 s,
respectively. Overall, all these double-sided heating plots show
heat transfer performance improving with increasing heat flux
before suddenly declining at CHF. They also show the increase in
mass velocity increasing the slope of havg versus wall heat flux.
Fig. 10(a)–(f) also shows only minor differences in havg values
between different orientations. Overall, these trends point to
double-sided heating aiding vapor production and, therefore, flow
acceleration, rendering inertia more effective at combating gravity
effects. It is important to also note the differences in heat transfer
performance between the two walls. Slight differences in electrical
resistance between resistive heaters is responsible for small differ-
ences in heat flux input and therefore average heat transfer coeffi-
cients between the two walls. Physically, the two walls in vertical
upflow and vertical downflow are symmetrical and, hence, should
have equal heat transfer coefficients. In most cases, however, slight
differences in electrical resistance between heated walls resulted
in one wall outperforming the other in heat transfer performance.
But in some cases, like Fig. 10(c) and (d), which correspond to
higher qualities, the order of wall with the higher heat transfer per-
formance is switched. This behavior is therefore the outcome of
small experimental uncertainty and not related to any mechanistic
behavior.

4.2.2. Local heat transfer coefficient results
Fig. 11(a)–(c) show variations of the local heat transfer coeffi-

cient, h, with distance, z, along the heated length for horizontal
double-sided heating with G = 387.6–417.7 kg/m2 s and different
wall heat fluxes, with inlet qualities of xe,in = 0.06, 0.25, and 0.63,
respectively. These figures show h increases monotonically with
increasing heat flux at each thermocouple location. There is an
appreciable decline in h in the inlet region, followed by a rather flat
variation in the middle region, and a large increase in the exit
region. The decrease in the inlet region is attributed to thermal
boundary layer development, while the downstream increase is
most likely the result of appreciable flow acceleration towards
the exit. While it is difficult to quantify flow acceleration effects
simply by examining the variations of local heat transfer coeffi-
cient, acceleration is expected in flow boiling configurations where
the heat flux and/or inlet quality are increased. For each of the con-
figurations examined in this study, local variations show that
increasing the heat flux does shift the curve upwards, which can
be attributed to flow acceleration. Additionally, by comparing
Fig. 11(a)–(c), increasing inlet quality is shown to increase the heat
transfer coefficient in the exit region, which is also attributed to
flow acceleration. Overall, the three different inlet qualities show
fairly similar performances.

4.2.3. Influence of orientation on heat transfer coefficient
A key objective of the present study is to assess the influence of

gravity for different operating conditions. This is best achieved by
comparing heat transfer results for the different flow orientations.
Shown in Fig. 12(a)–(c) are polar plots for peak havg (obtained from
Fig. 9(a)–(d)) for single-sided heating over a broad range of mass
velocity, and inlet qualities of xe,in = 0.04–0.10, 0.14–0.22 and
0.30–0.36, respectively. For the lowest xe range, Fig. 12(a) shows
drastic differences in peak havg for horizontal bottom wall heating
(h = 0�) compared to top wall heating (h = 180�) for the two lowest
mass velocities. These differences are attributed to the stratifica-
tion phenomenon discussed earlier, which tends to aid vapor
removal from, and liquid return to the heated wall for h = 0�, and
compromise both for h = 180�. These differences diminish with
increasing mass velocity. Notice that peak havg values for vertical
upflow (h = 90�) and vertical downflow (h = 270�) are about equal
for the entire range of mass velocities, and values for all four orien-
tations (h = 0�, 90�, 180�, and 270�) are about equal above
G = 794.7–826.3 kg/m2 s, indicating inertia around this mass veloc-
ity range is effective at negating any gravity effects. Fairly similar
trends can be seen in Fig. 12(b) and (c) corresponding to xe,
in = 0.14–0.22 and 0.30–0.36, respectively. Therefore, for single-
sided heating, the ability to negate gravity effects is determined
mostly by mass velocity rather than inlet quality.

Fig. 13(a)–(c) show polar plots for peak havg for double-sided
heating over a broad range of mass velocity, and inlet qualities of
xe,in = 0.02–0.09, 0.13–0.19, and 0.30–0.36, respectively. A major
fundamental feature of these plots is symmetry around the vertical
axis. All three figures show fairly similar trends relative to mass
velocity, with values for the lowest mass velocity range of
G = 200.9–235.9 kg/m2 s showing the greatest variations relative
to orientation. Notice for these low mass velocities how vertical
upflow (h = 90�) and vertical downflow (h = 270�) yield fairly equal
peak havg values, which are significantly greater than those for
horizontal flow (h = 0� and 180�). The two horizontal orientations
are quite unique in that they simultaneously combine heat
transfer enhancement for the bottom heated wall and relatively
poor heat transfer along the top heated wall. The polar trends in
Fig. 13(a)–(c) for the lowest G range suggest bottom heated wall
enhancement is too weak to compensate for the poor performance
of the top heated wall. All three quality ranges show the influence
of orientation on peak havg greatly diminishing with increasing G.
Additionally, peak havg values begin to converge for all orientations
at xe,in = 0.02–0.09, Fig. 13(a), and 0.13–0.19, Fig. 13(b), around the
same range of G = 781.1–812.5 kg/m2 s. However, the highest inlet
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qualities of xe,in = 0.30–0.36, Fig. 13(c), reduce the influence of
orientation for the lowest mass velocity range of G = 200.9–
214.6 kg/m2 s compared to the two lower quality ranges, presum-
ably because of the higher flow acceleration provided by higher
inlet quality. But equally interesting is how the highest inlet
qualities of xe,in = 0.30–0.36 preserve a rather weak influence of
orientation for other mass velocities. Overall, Fig. 13(a)–(c) prove
that orientation effects are dictated mostly by mass velocity and,
to a far lesser extent, by inlet quality.

4.3. Pressure drop

As indicated earlier, fluid pressure in the flow boiling module is
measured at the module’s inlet and outlet, as well as at several
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Fig. 12. Polar plots showing variations of peak heat transfer coefficient with
orientation relative to Earth gravity for single-sided heating and different mass
velocities, with (a) xe,in = 0.04–0.10, (b) xe,in = 0.14–0.22, and (c) xe,in = 0.30–0.36.
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Fig. 13. Polar plots showing variations of peak heat transfer coefficient with
orientation relative to Earth gravity for double-sided heating and different mass
velocities for (a) xe,in = 0.02–0.09, (b) xe,in = 0.13–0.19, and (c) xe,in = 0.30–0.36.
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locations along the flow channel. These include one pressure
measurement just upstream, and another just downstream of the
heated wall. Those two measurements are used to measure pres-
sure drop, Dp, across the heated portion of the channel. To deter-
mine the influences of mass velocity, inlet quality, heating
configuration, and orientation, the pressure drop values are com-
pared for equal values of wall heat flux. Fig. 14(a)–(c) shows polar
plots of Dp for single-sided heating configurations over a broad
range of mass velocity and inlet qualities of xe,in = 0.04–0.07,
0.19–0.25, and 0.40–0.45, respectively. For the lowest quality
range of xe,in = 0.06–0.07, Fig. 14(a) shows the lowest mass velocity
ranges of G = 405.9–421.1 and 794.7–826.3 kg/m2 s yielding higher
Dp for vertical upflow (h = 90�) and vertical downflow (h = 270�)
than the two horizontal flows (h = 0� and 180�). Equally intriguing
is that the two vertical flows show fairly equal Dp, even though the
direction of gravity is reversed. Additionally, the two horizontal
flows show equal Dp despite the opposite orientations of the
heated walls. The fairly equal Dp values for vertical upflow and
vertical downflow can be explained by the relative contributions
of individual components of Dp. Two-phase pressure drop is
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Fig. 14. Polar plots showing variations of pressure drop across heated portion
of channel with orientation relative to Earth gravity for single-sided heating
and different mass velocities for (a) xe,in = 0.04–0.07, (b) xe,in = 0.19–0.25,
and (c) xe,in = 0.40–0.45.
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Fig. 15. Polar plots showing pressure drop across heated portion of channel with
orientation relative to Earth gravity for double-sided heating and different mass
velocities for (a) xe,in = 0.02–0.08, (b) xe,in = 0.18–0.26, and (c) xe,in = 0.39–0.43.
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comprised of three components, friction, acceleration and gravita-
tion, and the influence of orientation is reflected in the magnitude
of the gravitational component, which is approximately propor-
tional to the product of mean two-phase mixture density, Earth
gravity, and length of heated portion of the channel. Given the
large void fraction associated with these two orientations as dis-
cussed earlier in conjunction with the flow visualization results,
the two-phase mixture density is quite small, rendering the contri-
bution of the entire gravitational component negligible. The larger
values for Dp for vertical upflow and vertical downflow compared
to the two horizontal orientations can be explained by higher
accelerational pressure drop for the vertical orientations. Notice
how the influence of orientation on Dp decreases with increasing
G. For the two higher inlet quality ranges of xe,in = 0.19–0.25 and
0.40–0.45, Fig. 14(b) and (c), respectively, show Dp values con-
verge for all orientations around G = 786.6–800.8 kg/m2 s, com-
pared to a higher mass velocity of G = 1177.0–1212.5 kg/m2 s for
the lowest quality range of xe,in = 0.04–0.07 as shown in Fig. 14(a).
Overall, Fig. 14(a)–(c) prove that orientation effects are dictated
mostly by mass velocity and, to a lesser extent, by inlet quality.

Fig. 15(a)–(c) shows polar plots for Dp for double-sided
heating over a broad range of mass velocity at inlet qualities
of xe,in = 0.02–0.08, 0.18–0.26, and 0.39–0.43, respectively.
A fundamental feature of these plots is symmetry around the
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vertical axis. For the lowest quality range, Fig. 15(a) shows that Dp
values at G = 400.4–417.8 kg/m2 s for vertical upflow (h = 90�) and
vertical downflow (h = 270�) are greater than for the two horizontal
orientations, and the influence of orientation diminishes with
increasing G. While this trend is similar to that for single-sided
heating, Fig. 14(a), two-sided heating decreases the influence of
orientation for G = 781.1–812.5 kg/m2 s. The polar plots for
the double-sided heating at xe,in = 0.18–0.26, Fig. 15(b), and
xe,in = 0.39–0.43, Fig. 15(c), exhibit similar trends, with the influ-
ence of orientation becoming quite small starting around
G = 781.8–805.5 kg/m2 s. Once again, these trends prove that ori-
entation effects are dictated mostly by mass velocity rather than
inlet quality.

Comparing the Dp results for double-sided heating,
Fig. 15(a)–(c), to those for single-sided heating, Fig. 14(a)–(c),
reveals that, for identical values of G, xe,in and wall heat flux, Dp
is generally higher for two-sided heating. This trend can be
explained by the nearly twice the amount of vapor produced with
double-sided heating.
5. Conclusions

This first part of a two-part study explored flow boiling of FC-72
along a rectangular channel with one wall or two opposite walls
heated. Experiments were performed in three channel orienta-
tions: horizontal, vertical upflow, and vertical downflow over
broad ranges of mass velocity, inlet quality and wall heat flux,
aided by high-speed video capture of interfacial features. This first
part was focused on the influence of gravity, and therefore orienta-
tion, on interfacial behavior during flow boiling, boiling curve, local
and average heat transfer coefficients, and pressure drop. The sec-
ond part will be dedicated entirely to CHF measurement and mod-
eling. Key findings from this part are as follows:

(1) For horizontal flow, the effects of gravity are reflected in
appreciable stratification across the channel. For the bottom
heated wall, gravity aids vapor removal from, and liquid
return to the bottom wall. On the other hand, gravity leads
to vapor accumulation along the top heated wall. For vertical
upflow and vertical downflow, with both single-sided and
double-sided heating, there is far better symmetry in vapor
formation along the channel, with no apparent bias towards
either wall.

(2) Gravity has a strong influence on the boiling curve for hori-
zontal flow at low mass velocities, but differences in heat
transfer performance between bottom wall and top wall
heating decrease with increasing mass velocity. On the other
hand, there are only minor differences in boiling perfor-
mance between vertical upflow and vertical downflow.

(3) For all orientations, the local heat transfer coefficient shows
an appreciable decline in the inlet region, followed by a
rather flat variation in the middle region, and a large
increase in the exit region. The decrease in the inlet region
is attributed to thermal boundary layer development, while
the downstream increase is most likely the result of appre-
ciable flow acceleration towards the exit.

(4) For horizontal flows, large differences in peak heat transfer
coefficient are observed between top wall and bottom wall
heating for low mass velocities because of the aforemen-
tioned stratification phenomenon. On the other hand, peak
heat transfer coefficient values are about equal for all orien-
tations above G ffi 800 kg/m2 s, proving inertia around this
mass velocity is effective at negating any orientation effects.
Overall, gravity effects are governed mostly by mass velocity
and, to a far lesser extent, by inlet quality.
(5) Pressure drops at lowmass velocities are fairly equal for ver-
tical upflow and vertical downflow, but greater than for hor-
izontal flows. However, equal pressure drop is achieved for
all orientations above G ffi 800 kg/m2 s for all inlet qualities
excepting the case with single-sided heating and low quality
of xe,in = 0.04–0.07, for which the transition mass velocity is
G ffi 1200 kg/m2 s.
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