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The transition from single-phase to two-phase thermal systems in future space vehicles demands a thor-
ough understanding of flow boiling critical heat flux (CHF) in reduced gravity, including microgravity.
This study is a comprehensive, consolidated investigation of the complex trends of flow boiling CHF in
arectangular channel in both microgravity and for different orientations in Earth gravity. It is shown that
the Interfacial Lift-off Model provides good predictions of CHF data for both gravitational environments
and both single-sided and double-sided heating. CHF mechanism in Earth gravity is shown to be highly
sensitive to flow orientation at very low velocities, but is consistent with the wavy vapor layer depiction
of the Interfacial Lift-off Model at high velocities. The model predicts a stable vapor-liquid interface for
downflow with a downward-facing heated wall at lower velocities, and wavy interface with a critical
wavelength that decreases with increasing velocity at higher velocities. Predicted CHF values for micro-
gravity fall about midway between the maxima and minima for Earth gravity. Overall, predicted values of
CHF and key interfacial parameters for all orientations in Earth gravity and for microgravity converge
above ~1.5 m/s, which points to a velocity threshold above which inertia begins to effectively negate
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1. Introduction
1.1. Two-phase thermal management

Single-phase thermal management systems have been widely
used in many industrial applications. But increasing heat densities
in many modern technologies are making single-phase thermal
management increasingly difficult to implement, and have shifted
interest to two-phase thermal management [1]. Technologies
demanding intense heat removal include high performance com-
puters, hybrid vehicle power electronics, avionics, and laser and
microwave directed energy weapon systems. All these applications
share a common trend of increasing rate of heat removal from
small surface areas. The effectiveness of two-phase thermal man-
agement schemes for these applications stems from their ability
to capitalize upon latent heat of the coolant rather than sensible
heat alone, providing orders of magnitude enhancement in heat
transfer coefficient compared to single-phase schemes.

Another important attribute of two-phase thermal manage-
ment is flexibility in selecting a flow configuration that is compat-
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ible with the geometrical and packaging needs of the heat
dissipating device or system. This includes pool boiling ther-
mosyphons, channel flow boiling, jet-impingement and spray [1],
with emphasis placed on very high flux cooling schemes [2-4].
Channel flow boiling consists of mounting heat dissipating devices
in a linear fashion along the walls of a flow channel. This configu-
ration is both very versatile and compatible with packaging prac-
tices in many applications. More recently, researchers
determined that the cooling performance in channel flow boiling
can be greatly ameliorated by reducing the hydraulic diameter of
the flow channel, i.e., by using mini/micro-channel flow boiling
[1,5,6].

1.2. Critical heat flux (CHF) limit

The afore-mentioned ability of two-phase cooling schemes is
realized within the nucleate boiling regime, which capitalizes on
high frequency formation, growth, and departure of vapor bubbles
from the heat-dissipating wall, while also requiring continued
replenishment of the surface with bulk liquid to compensate for
the liquid that is consumed at the wall by evaporation. Critical heat
flux (CHF) is arguably the most important limit for two-phase
cooling schemes, and is closely associated with cessation of bulk
liquid access to the surface. With the nucleate boiling process
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Nomenclature

A channel flow area

Ak flow area for phase k

b ratio of wetting front length to wavelength
Ci interfacial friction factor

CHF critical heat flux, q",

Cp specific heat at constant pressure

cr real component of wave speed

D hydraulic diameter of flow channel

Dy hydraulic diameter for phase k

G mass velocity

g gravity

Ze Earth’s gravity

£n component of gravity normal to heater wall
H height of flow channel’s cross-section

H, heated wall a

H, heated wall b

hgg latent heat of vaporization

k¢ critical wave number

Ly development length of flow channel

L. exit length of flow channel

Ly heated length of flow channel

m mass flow rate

MAE mean absolute error

p pressure

P; interfacial perimeter

Din pressure at inlet to heated portion of channel
P, wall friction perimeter

q"m critical heat flux (CHF)

q"w wall heat flux

Re Reynolds number

T temperature

Tin temperature at inlet to heated portion of channel
Tout temperature at outlet from heated portion of channel
Tsar saturation temperature

ATsupin  inlet subcooling, Teq — Tin

ATsupoue Outlet subcooling, Teqe — Toue

u mean inlet liquid velocity

w width of flow channel and heated walls
X quality

Xe thermodynamic equilibrium quality

y coordinate perpendicular to heated wall

z axial coordinate

2 axial coordinate where Ug = Uy

z axial location for determining vapor layer thickness and
critical wavelength in Interfacial Lift-off Model

Greek Symbols

o vapor void fraction

é mean thickness of vapor layer

Sa mean thickness of vapor layer generated along heated
wall H,

Op mean thickness of vapor layer generated along heated
wall Hp,

€ heat utility ratio
interfacial perturbation

0 flow orientation angle

Je critical wavelength

o density

o modified density

o surface tension

T; interfacial shear stress

Tw wall shear stress

Subscripts

a vapor layer generated along heated wall H,

b vapor layer generated along heated wall H,,

c critical

e Earth

exp experimental

f saturated liquid; bulk liquid; frictional

g saturated vapor

ga saturated vapor generated along heated wall H,

gb saturated vapor generated along heated wall Hp,

i interfacial

in inlet to heated portion of channel

k phase k, k = f or ga or gb

out outlet from heated portion of channel

pred predicted

sat saturation

sub subcooling

w heated wall (H, or Hp)

interrupted, CHF for heat-flux-controlled surfaces is a catastrophic
event, resulting in most of the heat trapped within the wall rather
than rejected to the coolant, which is manifest by a rapid, unsteady
rise in the wall temperature. Without a means to cut-off the power
dissipation, CHF can lead to physical damage of the device being
cooled by overheating or burnout. These serious consequences
point to the need to both measure and accurately predict CHF.

1.3. Predictive flow boiling CHF models

Like most two-phase phenomena, researchers rely heavily on
empirical correlations to predict flow boiling CHF. However, corre-
lations are valid for specific fluids and limited ranges of operating
and flow parameters, and there is great uncertainty when attempt-
ing to determine CHF for other fluids or beyond the validity range
of individual parameters [7-10].

Very few theoretically based, mechanistic models have been
constructed for flow boiling CHF, and these models are intended
mostly for vertical upflow. As discussed in a recent review article
by Konishi et al. [11] and depicted schematically in Fig. 1(a), these

models are based on four competing mechanisms: Boundary Layer
Separation, Bubble Crowding, Sublayer Dryout and Interfacial Lift-off.
Postulated by Kutateladze and Leont’ve [12], the Boundary Layer
Separation Model is based on analogy between vapor production
and gas injection from a permeable wall into a turbulent boundary
layer. In the same manner a turbulent boundary layer is separated
when the injection velocity exceeds a threshold value, CHF is pos-
tulated to occur when the rate of vapor production perpendicular
to the wall is increased to a level that greatly decreases the bulk
liquid velocity near the wall, causing liquid stagnation at the wall
and preventing adequate liquid replenishment of the wall. Pro-
posed by Weisman and Pei [13], the Bubble Crowding Model is
described by formation of a dense bubbly layer close to the wall
at CHF, which renders turbulent fluctuations in the bulk liquid
flow, which they postulated as the main source of liquid replenish-
ment, too weak to penetrate the bubbly layer and reach the wall.
Lee and Mudawar [14] proposed the Sublayer Dryout Model, which
states that CHF will occur when the enthalpy of bulk liquid sup-
plied to liquid sublayers that are trapped beneath large vapor blan-
kets at the wall falls short of dissipating the heat supplied at the
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Fig. 1. (a) Trigger mechanisms for flow boiling CHF according to different models. (b) CHF transient in microgravity for FC-72 at U=0.15m/s (ATspour = 3.0 °C) and

U=1.50 m/s (ATsypouc = 3.8 °C). Adapted from [11].

wall. Galloway and Mudawar [15,16] proposed the Interfacial Lift-
off Model based on detailed high-speed video records of interfacial
features of flow boiling in a flow channel associated with CHF
occurrence. Prior to CHF, vapor bubbles were observed to coalesce
into a wavy vapor layer that propagated along the heated wall
while allowing liquid contact with the wall in wetting fronts corre-
sponding to the wave troughs. At CHF, intense vapor momentum in
these wetting fronts caused the interface in the troughs to be lifted
from the wall, extinguishing any further liquid access.

1.4. Application of flow boiling in future space systems

Future manned space missions are expected to increase in
scope, size and duration. Associated with these increases will be
a commensurate increase in vehicle power as well as rate of
rejection of waste heat. These trends are also expected to have a
profound adverse impact on the vehicle’s size and weight. To tackle
these issues, Fission Power Systems (FPSs), which feature both
very high power and very low mass to power ratios, have been
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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. (d) Schematic

diagram of the flow loop.

recommended for long-duration manned missions using a Rankine
power cycle [17,18]. This technology involves many complex flow
boiling and condensation processes. Additional reductions in vehi-
cle size and weight are possible by replacing present single-phase
Thermal Control Systems (TCSs) with two-phase counterparts [17].
These systems play a vital role in life support in a space vehicle by
controlling the temperature and humidity of the internal environ-
ment. They are comprised of three subsystems that tackle (1) heat
acquisition from heat-dissipating sources, (2) heat transport from
the sources, and (3) heat rejection to the outside environment. In
most space vehicles, including space shuttles, these tasks have
been tackled by a single-phase (liquid only) TCS. The two-phase
TCS designs now being projected for use on future vehicles greatly
decrease size and weight by capitalizing upon the orders-of-
magnitude enhancement in flow boiling and condensation heat
transfer coefficients compared to those possible with a single-
phase TCS.

The transition to two-phase technologies requires a thorough
understanding of two-phase flow and both flow boiling and con-
densation heat transfer in reduced gravity, especially microgravity.
Reduced gravity can be simulated in a number of platforms, includ-
ing above ground Drop Towers or below ground Drop Shafts,
Sounding Rockets and Parabolic Flight Aircraft [17,18]. The latter
has been especially popular for their ability to provide 15-30s of
microgravity, perform multiple tests in a single flight, and ability
to accommodate larger experiment packages and permit direct
interaction of the operator with the experimental package; they
can also simulate both Lunar and Martian gravities. The Interna-
tional Space Station (ISS) provides an ideal environment for

microgravity two-phase flow and heat transfer experiments, pro-
viding long test durations, operator access, and both automatic
and remote control capabilities. Unfortunately ISS experiments
are both very expensive and require many years of development
and safety certification.

The vast majority of published works concerning two-phase
flow and heat transfer comes from parabolic flight experiments.
These include a number of adiabatic two-phase flow studies, such
as those of Dukler et al. [19], Colin et al. [20], Reinarts [21], Bous-
man et al. [22,23], and Choi et al. [24] that were aimed at under-
standing the influence of microgravity on two-phase flow
patterns as well as the transitions between different flow patterns.
Parabolic flight flow boiling studies include flow patterns in both
subcooled and saturated flow boiling by Misawa [25], impact of
bubble detachment and coalescence on flow pattern development
by Saito et al. [26] and Ohta et al. [27], flow boiling frictional pres-
sure drop in flow boiling by Brutin et al. [28], and subcooled flow
boiling heat transfer and CHF by Ma and Chung [29]. More
recently, a collaborative effort between the Purdue University Boil-
ing and Two-Phase Flow Laboratory (PU-BTPFL) and NASA Glenn
Research Center has been focussed mostly on flow boiling CHF.
Findings from this specific effort will be discussed later in this
paper.

Aside from the high-cost microgravity platforms, researchers
often capitalize upon the relative simplicity and low cost of testing
in Earth gravity. The effects of reduced gravity on flow boiling are
simulated by tilting the flow channel relative to Earth gravity. This
yields a reduced component of gravity perpendicular to the heated
wall. But a primary limitation with these tests is the inability to
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Fig. 3. (a) Depiction of horizontal flow boiling near CHF for a rectangular channel with top-wall heating, bottom-wall heating, and double-sided heating (adapted from [35]).
(b) Hydrodynamic instability of wavy vapor layers along heated walls of double-sided heated channel at CHF- for inclined channel in Earth gravity and for microgravity

(adapted from [40]).

isolate the influence of this gravity component and simultaneously
eliminate the component of gravity along the direction of fluid
flow. Nonetheless, this testing approach is widely used to amass
large data bases and video records in pursuit of a mechanistic
model for the influence of gravity on both pool boiling [30] and

flow boiling CHF; the latter will be discussed in detail in the pre-
sent paper. Investigators at PU-BTPFL have adopted this testing
approach to complement parabolic flight tests in an attempt to
acquire a comprehensive understanding of the influence of gravity
on flow boiling CHF.
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Table 1
Summary of separated flow model and Interfacial Lift-off Model relations for single-
sided heating (Zhang et al. [33]).
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1.5. Influence of fluid flow and heated wall orientations on CHF

Aside from enabling the study of reduced gravity influence on
flow boiling, experiments performed by tilting the flow channel
relative to Earth gravity also provide the flexibility of one-sided
or two-sided wall heating. While these two wall heating configura-
tions can greatly complicate the influence of gravity on CHF, they
also provide the opportunity for a more detailed mechanistic
assessment of this influence. This assessment is a key objective
of the present study.

Single-sided heating is borne out of the need to simulate cooling
of electronic or power sources using flow boiling in a rectangular
channel [31,32]. Using similar single-sided heating, Zhang et al.
[33] studied the influence of flow orientation on CHF for subcooled
inlet conditions. Using FC-72 as working fluid, they showed that
the influence of orientation, and therefore gravity, on CHF dimin-
ishes monotonically with increasing flow velocity, becoming virtu-
ally independent of orientation above a threshold of 1.5 m/s.
Similar trends were measured by Konishi et al. [34] for two-
phase inlet conditions, x.;, > 0. Kharangate et al. [35,36] studied
horizontal flow of FC-72 in a rectangular channel with both bottom
wall heating and top wall heating over a wide range of channel
inlet conditions, ranging from highly subcooled to positive inlet
quality. Both wall heating configurations had Earth gravity perpen-
dicular to the heated wall, with gravity aiding vapor removal from
the heated wall for bottom wall heating, while causing vapor accu-
mulation along the heated wall for top wall heating. By performing
similar experiments at other orientations relative Earth gravity,

Table 2

Summary of relations used in conjunction with the separated flow model and
Interfacial Lift-off Model for single-sided wall heating (Zhang et al. [33]) and double-
sided wall heating (Konishi et al. [40]).

Single-sided heating quality relation for vapor layer:

Ugqot
Xﬂ:pgéa a

Double-sided heating quality relations for individual vapor layers:
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where k = f, ga or gb. C; =0, C; =16 and C; = 1 for laminar flow (Rep, < 2100),
C;=0.0054, C;=2.3 x 107 and C3 = —2/3 for transitional flow
(2100 < Rep, < 4000), and C; =0.00128, C;=0.1143 and C3=3.2154 for
turbulent flow (Rep, > 4000), where Dy = 4 Ay/Py

Interfacial shear stress relations:
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they were able to determine the flow velocity at which the influ-
ence of gravity on CHF becomes negligible.

Originally proposed by Galloway and Mudawar [15,16], the
Interfacial Lift-off Model has been validated in several studies that
were performed in both Earth gravity [33,34,37] and microgravity
[38-40] over a wide range of operating conditions using both CHF
data and high-speed video. Shown in Fig. 1(b) are images of the
wavy vapor layer captured by Zhang et al. [38] before, during,
and shortly after CHF for single-sided heating of FC-72 in micro-
gravity at inlet liquid velocities of U=0.15 and 1.5 m/s. These
images depict the wavy vapor layer development prior to wetting
front dryout that accompanies CHF occurrence.

1.6. Objective of study

As indicated above, flow boiling CHF in a rectangular channel is
sensitive to flow velocity, orientation and whether the channel is
heated along one side or both sides. The primary goal of the pre-
sent study is to model, for all flow orientations, the complex influ-
ence of Earth gravity components perpendicular to the heated wall
and parallel to the direction of fluid flow on CHF for FC-72 in a rect-
angular channel with single-sided and double-sided heating. It will
be shown how the Interfacial Lift-off Model possesses both the flex-
ibility and rigor to predict the effects of flow velocity and wall
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Table 3
Summary of separated flow model and Interfacial Lift-off Model relations for double-
sided heating (Konishi et al. [40]).
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heating in both Earth gravity and microgravity. The present study
is a part of a NASA project that was initiated in 2012 with the ulti-
mate goal of developing the Flow Boiling and Condensation Exper-
iment (FBCE) for deployment in the International Space Station
(ISS) in 2018.

2. Experimental methods
2.1. Flow boiling module

A flow boiling module is designed to both measure CHF and
photographically investigate interfacial behavior associated with
CHF occurrence. Depicted in Fig. 2(a), the module consists of three
transparent polycarbonate plastic (Lexan) plates sandwiched
between two aluminum support plates. Together, the three Lexan
plates constitute the flow channel. The 2.5-mm wide and 5-mm
high flow channel is milled into the middle Lexan plate. Rectangu-
lar slots are also milled through the top and bottom Lexan plates to
accommodate two 114.6-mm long, 15.5-mm wide, and 1.04-mm

thick oxygen-free copper slabs which serve as heating walls. O-
rings are fitted into shallow grooves in the Lexan plates to prevent
any fluid leaks from the flow channel. The flow boiling module also
features a honeycomb flow straightener at the channel’s inlet to
break up any large inlet eddies. The flow channel has a hydrody-
namic development length a hundred times the channel’s hydrau-
lic diameter.

Fig. 2(b) and (c) show the detailed construction and tempera-
ture instrumentation of the heated walls, respectively. Soldered
to the backside of each copper slab are six 188-Q, 4.5-mm wide
and 16.4-mm long thick film resistors. A variable voltage source
is used to power these resistors in parallel to provide uniform heat
flux along each wall.

Liquid temperature is measured at the inlet port of the flow
boiling module and downstream of the heated channel. Heated
wall temperatures are measured by type-E thermocouples inserted
in shallow holes that are drilled between the resistors at seven
equidistant locations. Fig. 2(c) shows the axial positions of these
thermocouples. A heated wall relay is set to automatically cut off
power supply to the resistors once any of the wall temperatures
exceeds 130 °C, which indicates CHF occurrence. Pressure mea-
surements are made at three locations in the flow module: near
the inlet port and just upstream and downstream of the copper
slabs.

2.2. Flow loop

Fig. 2(d) shows a schematic of the two-phase flow loop. This
loop is configured to supply deaerated FC-72 to the flow boiling
module at prescribed flow rate, pressure and temperature. FC-72
is circulated with the aid of a magnetically coupled gear pump.
Exiting the pump, the fluid is passed through a filter, Coriolis flow
meter and preheater before entering the flow boiling module.
Downstream from the flow boiling module, the two-phase mixture
is passed through a water-cooled condenser to return any vapor to
liquid state. An air-pressurized accumulator is connected to the
loop between the condenser and the pump, serving the dual pur-
pose of setting a low reference pressure point for the entire loop,
as well as compensate for any fluid expansion or contraction in
the loop.

2.3. Operating conditions and measurement uncertainty

The operating conditions for the present study are as follows:
FC-72 inlet velocity of U=0.11-2.02 m/s, inlet temperature
of T;,=53.2-67.0°C (corresponding to inlet subcooling of
ATgupin=1.9-8.4°C), and inlet pressure of p;,=99.3-161.8 kPa
(14.4-23.5 psi). 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 loca-
tions along the flow boiling module and the flow loop. The Coriolis
flow meter has an accuracy of +0.1% and the wall heat is measured
with an accuracy of +0.5 W.

3. Interfacial Lift-off Model

Fig. 3(a) illustrates the interfacial complexity resulting from
wall heating configuration (top-wall heating, bottom-wall heating,
double-sided heating) for horizontal flow in Earth gravity. Clearly,
more complex flow regimes are encountered in other orientations,
and it is the goal of this section to utilize the Interfacial Lift-off
Model to explore the influence of flow orientation, flow velocity
and heating configuration on interfacial instability, as well as to
predict CHF.
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Fig. 4. Separated flow model predictions of (a) phase layer thicknesses, (b) phase velocities, (c) pressure, and (d) quality.

3.1. Single-sided heating

Zhang et al. [33] developed a control-volume-based separated
flow model for single-sided heating. As subcooled liquid enters
the heated section of the channel, a vapor film begins to form near
the leading edge. Due to phase change occurring along the channel,
the vapor layer grows monotonically in thickness in the axial direc-
tion. The model is based on slip flow assumptions, i.e., uniform
velocity in the liquid and vapor layers, while allowing for velocity
differences between the two layers. The separated flow model also
assumes pressure is uniform across the flow area. This model is
used to determine the variations of mean velocities and thick-
nesses of the liquid and vapor layers along the channel. These
parameters are used to determine the critical wavelength for insta-
bility of the vapor layer. For an unstable interface along heated
wall H,, the critical wavelength, A, is given by

_2n_ PjaPea(Uga — Up)?
Jca 20(pf, + Pga)

2
pj/"/apga(ugﬂ - Uf)2 (pf - pg)gna
2000}, + Pya) o

kCG

7 (1)

where pp, pg,, Us Uga and g, are the modified liquid density, mod-
ified vapor density, mean velocity of the liquid layer, mean velocity
of the wavy vapor layer, and component of gravity normal to the
heated wall; the latter given by

&na = 8¢ COS 0, (2)

Using the Interfacial Lift-off Model, Zhang et al. [33] determined
CHF according to the relation

Pe

CHF = q;fn = ? (CpAfATsubAin + hfg)

: (3)

*
Zq

1/2
4mabsin(bm) ! ol
pg Jca

where b, ¢, 3, and z; are the ratio of wetting front length to critical
wavelength, heat utility ratio, mean vapor layer thickness along
heated wall H, and axial location where vapor layer thickness
and critical wavelength are determined. CHF for horizontal flow
with bottom-wall and top-wall heating is calculated by setting
0=0° and 180°, respectively. The key equations for the CHF model
for single-sided heating are provided in Tables 1 and 2.

3.2. Double-sided heating

Konishi et al. [40] extended the model by Zhang et al. [33] to
double-sided heating for subcooled inlet conditions. As subcooled
liquid enters the heated section of the channel, two vapor layers
begin to form at the leading edges of both heated walls surround-
ing a middle liquid layer. Using slip flow assumptions similar to
those adopted for single-sided heating, momentum and energy
conservation relations are used to determine mean velocities and
thicknesses for the three layers. Critical wavelength is calculated
using the same relation as for single-sided heating, the major
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Fig. 5. Comparison of Interfacial Lift-off Model predictions to CHF data for (a) horizontal top-wall, bottom-wall and double-sided heating in Earth gravity, and (b) double-sided

heating in microgravity and vertical upflow in Earth gravity ((b) adapted from [40]).

difference being gravity components perpendicular to the heated
wall. In Earth gravity, the gravity components normal to the
upward-facing heated wall and downward-facing heated wall are
expressed, respectively, as

&na = 8¢ COS 0 (43)
and
8 = &, COS(0+ ) = —g, cos 0. (4b)

The differences in critical wavelength between the upward-
facing and downward-facing walls are illustrated in Fig. 3(b). In
Earth gravity, the normal component tends to stabilize the inter-
face along the downward-facing wall and destabilize the interface
along the upward-facing wall. This causes CHF for the upward-
facing wall to be larger than for the downward-facing wall. The dif-
ferences in CHF decrease monotonically with increasing inlet

velocity as inertia tends to overcome body force effects, ultimately
leading to convergence of CHF values for the two heated wall ori-
entations. For microgravity, identical interfacial behavior is
encountered on both walls, which leads to equal CHF values
regardless of inlet velocity. The key equations of the model for
double-sided heating are summarized in Table 3. Table 2 provides
relations used in conjunction with the separated flow model and
the Interfacial Lift-off Model to predict CHF for both single-sided
and double-sided heating.

4. Results and discussion
4.1. Separated flow model predictions

Fig. 4(a)-(d) show predictions of the separated flow model for
horizontal double-sided heating in Earth gravity with U=1.0 m/s,
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pin =150 kPa, ATy =3°C, and q",, =30 W/cm?. Fig. 4(a) shows
variations of thicknesses of the separated layers along the heated
section of the channel. The two vapor layers are shown beginning
to form at the leading edges and grow monotonically along the
heated walls on the expense of a gradually consumed middle liquid
layer. The phase layer thicknesses are needed to calculate the mod-
ified phase densities, p{ and py, in the relation for critical wave-
length, Eq. (1). Another parameter that is important to calculating
the critical wavelength is phase velocity difference. Fig. 4(b) shows
the variations of the phase velocities and velocity difference
between the vapor layers and middle liquid layer. The liquid layer
is faster than the two vapor layers at z = 0, but is quickly overtaken
by the vapor layers over a short distance from the leading edges of
the heated walls. The distance where the vapor layers overtake the
liquid layer is z = z,, which is an important parameter in the Interfa-
cial Lift-off Model. Fig. 4(c) and (d) show predictions of pressure and
quality, respectively, along the heated section of the channel. Notice
that the equilibrium quality starts with a negative value at z=0

because of the subcooled inlet conditions but becomes positive
downstream along the heated section.

The results from the separated flow model are used to compute
CHF. Because the heated walls face opposite orientations of the
perpendicular component of Earth gravity, two different CHF val-
ues are determined, one for each heated wall. Even though the
model predicts two CHF values, only the lower of the two is phys-
ically relevant since, in the actual experiments, power input to
both heated walls is cut off once CHF is detected in either wall.

4.2. CHF predictions

To assess the effectiveness of the Interfacial Lift-off Model, pre-
dictions are compared to experimental data for single-sided and
double-sided heating in both Earth gravity and microgravity.
Fig. 5(a) compares CHF predictions to experimental horizontal flow
data for single-sided and double-sided heating in Earth gravity for
slightly subcooled inlet conditions. The model predicts a stable
interface below U=1.0 and 0.5 m/s for top-wall heating and
double-sided heating configurations, respectively, and an unstable
interface for bottom-wall single-sided heating. A stable interface,
which will be discussed later in this study, corresponds to low
CHF values beyond the validity range of the Interfacial Lift-off
Model. In two separate studies, Kharangate et al. [35,36] showed
that bottom-wall heating below U=0.5m/s yields conditions
resembling pool boiling that are dominated by gravity, and for
which the wavy vapor layer is not observed. The velocity ranges
associated with a stable interface (U < 1.0 m/s for top-wall heating
and U < 0.5 m/s for double-sided heating) and pool boiling behav-
ior (U < 0.5 m/s for bottom-wall heating) impose lower limits for
validity of the Interfacial Lift-off Model, as indicated in Fig. 5(a).
Above these velocity limits, the predictive accuracy of the model
is accessed using mean absolute error (MEA), which is defined as

1 CHFpreq — CHF exp
MAE = > ‘TFQD . (5)

For bottom-wall heating and double-sided heating, Fig. 5(a)
shows good model predictions both in magnitude and trend, evi-
dences by MAEs of 5.6% and 8.1%, respectively. For bottom-wall
heating, the model predicts a transition from gravity-dominated
to inertia-dominated flow, with the slope of CHF versus U changing
from negative to positive around 1.5 m/s. For top-wall heating, the
model is able to capture the trend of CHF increasing with increas-
ing U, albeit with a higher MAE of 27.4%. In a previous study by
Konishi et al. [40], good agreement was demonstrated between
the model predictions and experimental results for double-sided
heating in both microgravity and vertical upflow in Earth gravity,
as shown in Fig. 5(b). In summary, Fig. 5(a) and (b) demonstrate
the effectiveness of the Interfacial lift-off Model in modeling both
single-sided and double-sided heating in both Earth gravity and
microgravity.

4.3. Liquid-vapor interfacial behavior

Fig. 6(a) and (b) show the eight flow orientations that are exam-
ined for single-sided and double-sided heating in Earth gravity. For
all these orientations, the flow enters from the center and radiates
outwards. The orientation angle dictates whether the channel is
incurring upflow or downflow relative to Earth gravity, while the
placement of the heated wall decides if the wall is upward-facing
or downward-facing. Due to symmetry, double-sided heating in
Earth gravity requires the flow channel to span only half a full cir-
cle (0 =0-360°) from vertical upflow to vertical downflow to cover
all orientations. But for consistency between single-sided and
double-sided heating configurations, results are presented below
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Fig. 7. Variation of predicted critical wavelength with orientation relative to Earth gravity for (a) single-sided heating and (b) double-sided heating.

for the entire range of 0 =0-360°. Fig. 6(a) and (b) indicate the
locations of the heated walls H, and H,. For double-sided heating,
Fig. 6(b) also indicates where H, and Hj, are either upward-facing or
downward-facing.

As indicated earlier, Zhang et al. [33] performed extensive stud-
ies on the effects of orientation on interfacial behavior and CHF for
single-sided heating in Earth gravity. They compared interfacial
behavior at CHF— for AT eu =3 °C for flow velocities between
U=0.1 and 1.5 m/s. Large variations of interfacial behavior were
observed with different orientation at 0.1 m/s, which should have
a profound influence on CHF mechanism and magnitude. For
U=1.5m/s, a significant increase in inertia yielded virtually iden-
tical wavy vapor layer interfacial behavior over the entire range
of orientations. In a more recent study, Kharangate et al. [35]
observed the same wavy vapor layer behavior for both single-
sided and double-sided heating in horizontal flow in Earth gravity
for U > 1 m/s. In another study, Konishi et al. [39] observed the
same wavy vapor layer behavior for both single-sided and
double-sided heating in microgravity for 0.1 < U< 1.9 m/s.

4.4. Effect of orientation on critical wavelength

The interfacial behavior captured with high-speed video and
the CHF predictions provide ample support of the validity of the
Interfacial Lift-off Model. Predicted results hereafter are obtained
using the Interfacial Lift-off Model for FC-72 for near-saturated inlet
conditions, ATspin =3 °C, and an inlet pressure of p;;, = 100 kPa.

As discussed earlier, the critical wavelength is a key parameter
of the Interfacial Lift-off Model. It is calculated using Eq. (1) by uti-
lizing the liquid and vapor layer thicknesses and velocities pre-
dicted using the separated flow model. Several of the flow
visualization studies discussed earlier have confirmed the exis-
tence of a wavy vapor layer along the heated wall, with contact
of the bulk liquid with the wall maintained at CHF— only in wet-
ting fronts corresponding to the wave troughs. Clearly, hydrody-
namic instability of the liquid-vapor interface is crucial to
formation of both the wavy vapor layer and the wetting fronts.

An iterative procedure discussed in detail by Konishi et al. [40]
is adopted to calculate CHF. In this procedure, an input heat flux to
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the heated walls is assumed, which is used to calculate the key out-
put parameters of the separated flow model. These parameters are
then used to calculate the critical wavelength and CHF using
equations provided in Tables 1 and 3 for single-sided and
double-sided heating, respectively. Bisection method is used to
achieve convergence between the assumed heat flux and com-
puted CHF.

In this section, this iterative procedure is used to determine the
variations of critical wavelength corresponding to the convergent
CHF value with orientation and velocity in Earth gravity, and with
velocity in microgravity. These variations are then used to gain
insight into the influence of critical wavelength on CHF trends.

Fig. 7(a) and (b) show, for different velocities, the variation of
critical wavelength, i, for heated wall H, with orientation relative
to Earth gravity for single-sided and double-sided heating,

respectively. Notice in Fig. 7(a) the existence of a region between
0=180° and 270° for U = 0.5 m/s, where the interface is stable; this
is where the Interfacial Lift-off Model is invalid. Increasing the
velocity to U =1 m/s, the interface becomes unstable and the crit-
ical wavelength is predicted over the entire range of orientations.
Increasing the velocity further, /., exhibits little variation with ori-
entation. This can be explained mathematically by examining the
two terms under the radical in Eq. (1), which account for inertia
and gravity effects. High velocity allows inertia to dwarf gravity
effects, and the second term becomes negligible, leading to conver-
gence of /. values for a given velocity regardless of orientation.
Fig. 7(a) also shows that /. decreases with increasing velocity,
which implies wetting fronts become more remote from one
another with decreasing velocity, a behavior that was confirmed
experimentally by Kharangate et al. [36].
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Fig. 9. Variation of predicted CHF with orientation in Earth gravity and microgravity for (a) single-sided heating and (b) double-sided heating.

Fig. 7(b) shows similar trends for double-sided heating. One sig-
nificant difference is that, while a stable orientation region is pre-
dicted with single-sided heating at U=0.5m/s, this region is
nonexistent for double-sided heating at 0.5 m/s, but is encountered
at a lower velocity of 0.25 m/s. These differences can be attributed
to double-sided heating producing more vapor and resulting in
higher flow acceleration, which causes inertia to dwarf gravity
effects at lower velocities than for single-sided heating.

4.5. Effects of orientation on CHF

Fig. 8(a) shows, for a range of velocities, a polar plot of CHF pre-
dictions with orientation relative to Earth gravity for single-sided
heating. Notice how the influence of orientation is more pro-
nounced for lower velocities and gradually abates with increasing
velocity. The lowest CHF values in this figure correspond to
0 =225°, which is consistent with experimental results [33,34] that
showed this orientation to yield the worst CHF performance. Over-
all, CHF values are both highest and less sensitive to orientation for
upflow and upward-facing heated wall orientations (6 =0-90°),
and both significantly smaller and very sensitive to orientation

for downflow and downward-facing heated wall orientations
(0 =180-270°); the influence of orientation, especially for the lat-
ter range, is shown diminishing with increasing velocity.

Fig. 8(b) shows CHF polar plots for double-sided heating in
Earth gravity. CHF predictions are shown for both upward-facing
and downward-facing heated walls for all orientations. Recall that,
during the experiments, power to the heated walls is cut off once
either wall reaches CHF. But the Interfacial Lift-off Model is used
here to predict CHF for both heated walls, which is useful to under-
standing the differences in underlying physical mechanisms
between the two wall orientations. With reference to the flow ori-
entation nomenclature, Fig. 8(b) distinguishes CHF for upward-
facing and downward-facing heated walls using solid and dashed
line, respectively. Notice how, as shown earlier in Fig. 6(b), a
heated wall that is upward-facing for 6 = 45°, 0°, and 315° becomes
downward-facing for 0 = 135°, 180° and 225°, and visa versa, which
explains the symmetry in Fig. 8(b). Each double-sided heating ori-
entation includes two heated walls that are subjected to opposite
gravity components, and CHF is lower for a downward-facing wall
than one upward-facing. This behavior is explained by buoyancy
tending to remove vapor away from the upward-facing wall and
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towards the downward-facing wall, and decreasing liquid access to
the latter. Increasing velocity is shown increasing CHF for both
upward-facing and downward-facing walls, and the difference
between the two wall orientations also decreases with increasing
velocity, ultimately leading to convergence of CHF values for both
wall orientations at high velocities.

Fig. 9(a) and (b) show alternative representations of CHF predic-
tions over the entire range of orientations in Earth gravity, as well
as in micro-gravity for single-sided heating and double-sided heat-
ing, respectively. For microgravity, orientation effects are inconse-
quential and CHF values are shown falling between the maxima
and minima for Earth gravity. This is an important finding since
it implies that performing terrestrial experiments for the entire
range of orientations will provide a CHF range that encompasses
that for microgravity at the same velocity. Moreover, CHF value
for microgravity at a given velocity is close to the mean for all
terrestrial orientations, and the microgravity and mean terrestrial
values converge with increasing velocity. For double-sided heating,
Fig. 9(b) shows the predicted CHF for microgravity and for heated

U [m/s]

Fig. 10. Variations of (a) CHF and (b) zo,, 4cq (24") and z,* versus inlet velocity for heater wall H, in double-sided heating in Earth gravity and microgravity.

walls H, and H, as well as minimum of the two for Earth gravity;
the minimum is the value anticipated in actual experiments since
power input to both walls is cut off once CHF is detected in either
wall. While this plot shows results already presented in polar coor-
dinates in Fig. 8(b), it provides additional details concerning the
specific heated walls H, and H, independently at different orienta-
tions in Earth gravity as well as in microgravity. Notice how heated
walls H, and Hp in Earth gravity switch between upward-facing
and downward-facing at 6 =90° and 270°.

It is also useful to examine the influences of velocity and orien-
tation on important parameters of Interfacial Lift-off Model. These
parameters are examined with respect to heated wall H, during
double-sided heating to demarcate the influences of gravity on
both flow orientation and heated wall orientation. Figs. 10(a)
shows the variation of CHF with inlet velocity. It shows CHF
increases with increasing U, with orientations in the range of
0 = 0-90° clearly out-performing 6 = 180-270°. This confirms what
was stated earlier, that upflow with upward-facing heated wall ori-
entations out-performs downflow with doward-facing orienta-
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tions, but CHF values tend to converge with increasing U. CHF val-
ues for microgravity fall midway between the maxima and minima
for Earth gravity.

Fig. 10(b) shows variations of computed values for other param-
eters of the Interfacial Lift-off Model with U. They include stream-
wise distance, zo,, Where Uy = Uy, extent of continuous upstream
wetting region, z;, and critical wavelength, /.4 (z}). Zoq is both quite
small and increases very slowly with increasing U, proving that the
vapor velocity surpasses the liquid velocity very close to the
upstream edge of the heated wall. Both z; and /., (z;) are shown
decreasing with increasing U. These two parameters are highest
at 0 =270°, followed by 180°, 90° and 0°. Like CHF, the magnitudes
of both parameters for different orientations tend to converge with
increasing U. Here too, the parameters for microgravity fall mid-
way between the maxima and minima for different orientations
in Earth gravity. Overall, Fig. 10(a) and (b) point to the need to
increase velocity above ~1.5 m/s to negate the influence of orien-
tation in Earth gravity.

These findings clearly demonstrate the effectiveness of the
Interfacial Lift-off Model in describing interfacial behavior at CHF—
as well as the trigger event for CHF for both Earth gravity and
microgravity. Further validation of the model may benefit from
future experiments involving detailed tracking of the vapor-
liquid interface as well as local, instantaneous velocity measure-
ments as discussed in refs. [41,42].

5. Conclusions

This study is a consolidated investigation of the diverse and
complex trends associated with flow boiling CHF in a rectangular
channel in microgravity and for different orientations in Earth
gravity. Several previous databases for FC-72 corresponding to
slightly subcooled inlet conditions are used to assess the accuracy
of the Interfacial Lift-off Model in capturing the CHF trends for both
single-sided and double-sided wall heating. Key findings from the
study are as follows.

(1) The Interfacial Lift-off Model shows good accuracy in predict-
ing experimental CHF data for both Earth gravity and micro-
gravity with both single-sided and double-sided wall heating.

(2) For Earth gravity, CHF mechanism is highly sensitive to flow
orientation at very low velocities, but is consistent with the
wavy vapor layer depiction of the Interfacial Lift-off Model at
higher velocities. The model predicts a stable vapor-liquid
interface for flow orientations between 0 =180 and 270°
for U< 1 m/s for single-sided wall heating, and U < 0.5 m/s
for double-sided heating. A wavy liquid-vapor interface is
predicted for all other orientations and velocities, the critical
wavelength for which decreases with increasing velocity and
become independent of orientation above ~1.5 m/s.

(3) Forsingle-sided heating in Earth gravity, predicted CHF values
for upflow with an upward-facing heated wall (6 = 0-90°) are
greater than those for downflow with a downward-facing
wall (0 =180-270°). For double-sided heating, lower CHF is
predicted for downward-facing than upward-facing walls.

(4) CHF values for microgravity fall about midway between the
maxima and minima for Earth gravity. This is an important
finding since it implies that, for a given inlet velocity, per-
forming terrestrial experiments over the entire range of ori-
entations will provide a range that encompasses CHF for
microgravity.

(5) Overall, the Interfacial Lift-off Model shows that the values of
CHF and key interfacial parameters for all orientations in
Earth gravity and for microgravity converge together above
~1.5 m/s, where inertia begins to effectively negate gravity
effects.
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