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Application of Flow Boiling for Thermal
Management of Electronics in Microgravity
and Reduced-Gravity Space Systems

Hui Zhang, Issam Mudawar, and Mohammad M. Hasan

Abstract—Large density differences between liquid and vapor
create buoyancy effects in the presence of a gravitational field. Such
effects can play an important role in two-phase fluid flow and heat
transfer, especially critical heat flux (CHF). CHF poses significant
risk to electronic devices, and the ability to predict its magnitude
is crucial to both the safety and reliability of these devices. Varia-
tions in the gravitational field perpendicular to a flow boiling sur-
face can take several forms, from flows at different orientations
at 1g. to the microgravity environment of planetary orbit, to the
reduced gravity on the Moon and Mars, and the high g’s encoun-
tered in fighter aircraft during fast aerial maneuvers. While high
coolant velocities can combat the detrimental effects of reduced
gravity, limited power budget in space systems imposes stringent
constraints on coolant flow rate. Thus, the task of dissipating the
heat must be accomplished with the lowest possible flow velocity
while safely avoiding CHF. In this paper, flow-boiling CHF is in-
vestigated on Earth as well as in reduced gravity parabolic flight
experiments using FC-72 as working fluid. CHF showed sensitivity
to gravity at low velocities, with microgravity yielding significantly
lower CHF values compared to those at 1g.. Differences in CHF
value decreased with increasing flow velocity until a velocity limit
was reached above which the effects of gravity became inconse-
quential. This proves existing data, correlations, and models de-
veloped from 1g. studies can be employed with confidence to de-
sign reduced gravity thermal management systems, provided the
flow velocity is maintained above this limit. This paper discusses
two powerful predictive tools. The first, which consist of three di-
mensionless criteria, centers on determination of the velocity limit.
The second is a theoretically based model for flow boiling CHF in
reduced gravity below this velocity limit.

Index Terms—Electronic cooling, microgravity, phase change.

NOMENCLATURE
A Cross-sectional area of channel.
b Ratio of wetting front length to wavelength.
Bo Bond number.
cp Specific heat.

Hydraulic diameter, 4 A/p.
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Fr Froude number.

g Gravity.

Je Earth’s gravity.

In Component of gravity normal to heated surface.

97/ Component of gravity opposite to direction of fluid
flow.

Hy Mean thickness of liquid layer.

htg Latent heat of vaporization.

H, Mean Thickness of vapor layer.

L Heated length.

P Pressure.

P Channel perimeter.

q’ Wall heat flux.

q; Critical heat flux.

. Wetting front lift-off heat flux.

T Temperature.

ATgup,o  Outlet subcooling, Tyat.o — 1b.0.

U Mean liquid inlet velocity.

Uy Mean velocity of liquid layer.

U, Mean velocity of vapor layer.

Ugn Mean vapor velocity in wetting front normal to
heated surface.

Uy Bubble rise velocity.

We Weber number.

z Stream-wise coordinate.

Greek symbols

) Mean vapor layer thickness.

0 Flow orientation angle.

A.  Critical wavelength.

¢ Heat utility ratio.

p Density.

p’f’ Modified liquid density.

Py Modified vapor density.

o Surface tension.
Subscripts

c Critical.
b Bulk liquid.
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Saturated liquid.
Saturated vapor.

Inlet to heated wall.
Based on heated length.

i
L
m  Maximum, critical heat flux.
0

-9

Outlet from heated wall.
Saturation.
Subcooling.

w Wetting front; heated wall.

1. INTRODUCTION

A. Importance of Two-Phase Thermal Management Systems to
Future Space Missions

S SPACE missions increase in scope, size, complexity,

and duration, so do both power and heat dissipation de-
mands. This is particularly the case for future manned missions
back to the Moon and afterwards to Mars. Paramount to the
success of these missions is the ability to reduce the size and
weight of all key thermal management subsystems. One means
to achieve this goal is to reduce the surface area of heat exchange
surfaces by replacing present mostly single-phase-based sys-
tems with two-phase systems. By capitalizing upon the merits
of latent rather than sensible heat exchange, two-phase thermal
management systems can yield orders of magnitude enhance-
ment in evaporation and condensation heat transfer coefficients
compared to single-phase systems. The potential improvements
with the shift to two-phase systems are evident from several re-
cent NASA workshops on power generation and life support
systems [1]. These workshops have culminated in critical rec-
ommendations concerning the implementation of flow boiling
and condensation for a variety of subsystems including Rankine
cycle power generation, electronics cooling, cabin temperature
control, space suit temperature regulation, waste management,
and regenerative fuel cells.

B. Effects of Body Force on Critical Heat Flux (CHF)

Because of large density differences between liquid and
vapor, buoyancy (which is proportional to the product of
gravity and density difference) can play an important role in
defining the motion of vapor relative to liquid and, therefore,
influence heat transfer effectiveness. CHF is a prime example of
a heat transfer phenomenon that can exhibit complex variations
with gravity. It is of particular concern with heat-flux-con-
trolled power and electronic devices, where it can lead to a
sudden, unsteady rise in device temperature. Most devices
are not designed to withstand such a temperature rise; hence,
the device materials might melt, burn out, or undergo some
other form of permanent damage. The challenge in designing a
thermal management system for use in space is to make certain
that the prevailing boiling heat flux is safely below CHF, hence
the importance of predicting the precise conditions that trigger
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CHF. What makes this task especially challenging is that con-
ventional means for enhancing CHF in a terrestrial environment
(e.g., greatly increasing fluid flow rate and/or subcooling level)
may not be permitted in a reduced gravity environment, given
the large penalty in size, weight, and pumping power with such
provisions.

Unfortunately, most of the two-phase flow and heat transfer
know-how amassed over nearly a century of research comes
from experiments that were conducted in Earth’s gravity. Space
missions, on the other hand, span varying gravitational levels
as illustrated in Fig. 1. Microgravity is important to satellites
and Earth-orbiting vehicles and stations. Future missions will
require a strong understanding of the effects of reduced gravity
ranging from Lunar to Martian levels. On the other side of the
spectrum, two-phase systems onboard fighter aircraft must en-
dure the high body forces associated with fast aerial maneuvers.

Interestingly, even at 1g., the effects of buoyancy are by no
means trivial. Take for example the simple configuration of sat-
urated pool boiling. For a horizontal upward-facing heated sur-
face, gravity points perpendicular to and towards the surface,
and serves to remove vapor while replenishing the surface with
bulk liquid. Howard and Mudawar [2] showed CHF mechanism
is vastly altered as the surface is tilted away from horizontal.
With a tilted surface, gravity can be broken into two compo-
nents, one perpendicular to the surface, which pulls vapor away
from the surface, and a second parallel to the surface, which in-
duces vapor flow along the surface. As shown in Fig. 2, three
distinct CHF mechanisms were observed. For surface inclina-
tions between 0 and 60° away from normal, CHF follows the
classical Pool Boiling Regime for vapor removal predicted by
Zuber et al. [3]. Inclinations between 60 ° and 165 © strengthen
the component of gravity parallel to the surface, inducing vapor
motion along the surface and resulting in a Wavy Vapor Layer
Regime. Much larger inclinations, between 165 ° and 180 °
bring vapor above the denser liquid, resulting in a third Straz-
ification Regime. Notice the slight reduction in CHF between
0 © and 90 °, and the drastically reduced CHF at 180 °. The im-
portance of these three CHF regimes to flow boiling CHF will
become apparent later in this study.

The present study is the culmination of two NASA-sponsored
efforts that are aimed to assess the role of gravity on flow boiling
CHF. The first study was conducted at 1g. at different flow ori-
entations relative to gravity. In the second study, experiments
were performed in parabolic flight to simulate microgravity as
well as Lunar, Martian, and 1.8 g. environments. Each of the
two studies involved extensive high-speed video analysis of in-
terfacial features as well as measurement of CHF data. In this
paper, CHF mechanisms are identified, and a theoretical model
is constructed for the dominant CHF mechanism in reduced
gravity. Additionally, a method is developed to determine the
minimum flow velocity that renders flow-boiling CHF insensi-
tive to reduced gravity. This criterion allows existing knowledge
of two-phase flow patterns and transitions, pressure drop, heat
transfer, and CHF that has been amassed from 1g. studies to
be used with confidence to design two-phase systems for space
missions.

Unlike the authors’ prior studies, which explored the influ-
ence of various levels of body force on flow boiling CHF, the
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present paper is the first attempt at consolidating experimental
observations to develop theoretical models that can tackle a con-
tinuous range of body forces from microgravity to those encoun-
tered in military aircraft during fast aerial maneuvers.

II. EXPERIMENTAL METHODS

A. One-g. Apparatus

This first facility featured a flow boiling test module that
could be tilted to any angle relative to Earth’s gravity. This
module was formed by clamping together two plates of trans-
parent polycarbonate plastic. As shown in Fig. 3(a), the flow
channel itself was formed by milling a 5.0 mm X 2.5 mm rect-
angular slot into the bottom plate of the test module. A heating
block made from oxygen-free copper was flush-mounted along
one side of the flow channel. The wetted heated wall consisted of
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Examples of systems demanding predictive models of the effects of gravitational field on two-phase flow and heat transfer.

the edge of the thin section of the heating block, which measured
101.6 mm long by 2.5 mm wide. The wetted wall was heated
by supplying electrical power to cartridge heaters that were em-
bedded in the thick section of the copper block. Five arrays of
Type-K thermocouples were inserted along the thin section of
the heating block. Each array consisted of three thermocouples
situated 1.02, 6.10, and 11.18 mm from the wetted wall. A linear
curve fit to the thermocouple readings in each array yielded a
temperature gradient perpendicular to the wall that was used
to calculate both local heat flux, ¢”, and local wall tempera-
ture 7, with 7.9% and 0.3 °C uncertainty, respectively. Fluid
temperature and pressure were measured through taps in the
cover plate both upstream and downstream of the heated wall.
These measurements have uncertainties of 0.3°C and 0.01%, re-
spectively. Throughout the 1g. experiments, outlet pressure was
maintained at 138 kPa (20 psia).
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Fig. 2. CHF regimes for saturated pool boiling of PF-5052 from 1.27 cm X
1.27 cm heated surface at different orientations (adapted from Howard and Mu-
dawar [2]).

Fig. 3(b) depicts the test module mounted on an angular trans-
lation platform atop a steel cart containing all components of the
two-phase flow loop, in addition to instrumentation and power
control panels. Fig. 3(c) shows the main components of a closed
two-phase flow loop that was used to supply liquid FC-72 to the
test module at desired operating conditions. Further details of
this facility can be found elsewhere [4], [5].

B. Parabolic Flight Apparatus

Like the 1-g. apparatus, the parabolic flight apparatus
featured a flow-boiling module consisting of two transparent
polycarbonate plastic plates and a heater assembly. As shown in
Fig. 4(a), a 5.0 x 2.5 mm rectangular flow channel was milled
into the underside of the top plastic plate. The heated wall
consisted of a 0.56-mm-thick and 101.6-mm-long copper plate
that was heated by a series of thick-film resistors. As shown
in Fig. 4(b), the heater assembly consisted of six thick-film
resistors that were soldered to the underside of the copper
plate. The heater assembly featured fast temperature response
to changes in heat flux and gravitational acceleration, which is
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crucial during flight experiments. With the small thickness of
the copper plate and small thermal mass of the resistors, the wall
temperature could reach steady state in less than 5 s following a
heat flux increment. On the other hand, the 0.56-mm thickness
of the copper plate was sufficiently large to preclude any CHF
dependence on copper plate thickness [6]. Wall temperature
was measured by five thermocouples inserted into the copper
plate. These thermocouples had an uncertainty of 0.3 °C. The
heat flux was determined by dividing electrical power input
to the resistors by the wetted area of the heated wall. Overall
uncertainty of the heat flux measurement was 0.2 W/cm 2. Two
additional thermocouples provided fluid temperature readings
just upstream and downstream of the heated wall with an un-
certainty of 0.3 °C. Pressure transducers at the same locations
provided pressure readings with an accuracy of 0.01%. Outlet
pressure in all the parabolic flight experiments was maintained
at 1.44 bar (20.9 psia).

Fig. 4(c) shows a schematic diagram of the test loop that
was used to both deaerate the working fluid, FC-72, prior to
testing and maintain desired flow conditions during the tests.
Aside from components similar to those employed in the 1-g,
flow loop, the flight loop used an accumulator charged with ni-
trogen gas to maintain fluid pressure downstream of the heated
wall. The entire flight apparatus, including the flow loop compo-
nents, power and instrumentation cabinets, and data acquisition
system, was mounted onto a rigid extruded aluminum frame as
shown in Fig. 4(d).

Reduced gravity was simulated aboard a plane that flew a se-
ries of parabolic maneuvers. Reduced gravity conditions, such
as microgravity, Lunar gravity (0.16 g.), and Martian gravity
(0.38 g.), were achieved with different parabolic maneuvers. A
flight mission usually consisted of four sets of ten parabolas
with about 5-min break between consecutive sets. Ten flight
missions, about 450 parabolas, were dedicated to the present
study aboard two different aircraft, NASA’s KC-135 turbojet
and Zero-G Corporation’s Boeing 727-200. During a parabolic
flight experiment, the desired fluid flow conditions were set be-
fore each set of parabolas. Power to the heater assembly was
set and maintained before pulling out from a 23-s microgravity
period. The power was then increased in increments of 1 to
3 W/cm? until a sudden unsteady rise in wall temperature was
detected during a microgravity period. Flow boiling CHF is
defined as the last heat flux measured prior to the unsteady
temperature rise. Besides measuring CHF, vapor behavior was
monitored near the outlet of the heated wall with the aid of a
high-speed video camera. Further details of this facility can be
found elsewhere [6], [7].

III. EXPERIMENTAL RESULTS

A. One-g. Results

For the 1-g. experiments, the flow-boiling module was
mounted on a rotation stage that enabled testing at different
orientations relative to Earth’s gravity. Tests were performed at
orientations ranging from # = 0°, corresponding to horizontal
flow with the heated surface facing upwards, and increasing
counterclockwise in 45° increments. Notice how Earth’s
gravity is perpendicular to the heated surface for § = 0°
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(similar to pool boiling from a horizontal surface), and parallel
but opposite to the liquid flow for # = 90° (vertical upflow).

Fig. 5(a) shows vapor behavior at CHF-(conditions just pre-
ceding CHF) for near-saturated flow (AT, = 3 °C) at a
relatively low inlet velocity of U = (0.1 m/s. Because of strong
buoyancy effects compared to liquid drag, orientation has sig-
nificant influence on the CHF mechanism. Shown are four dras-
tically different CHF regimes: 1) Pool-Boiling Regime for 6 =
0°, 2) Wavy Vapor Layer Regime for § = 90°, 3) Stratified
Regime for § = 180°, and 4) Vapor Stagnation Regime for
6 = 270°. Notice that, because of the low flow velocity, the
first three CHF regimes correspond very closely with the pool
boiling regimes observed by Howard and Mudawar [2] and de-
picted in Fig. 2.

In the Pool Boiling Regime (6 = 0°), bubbles coalesce on the
heated surface before being detached by buoyancy and driven
into the liquid core with minimal tendency to flow with the
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1 g. apparatus. (a) Heater inserted into bottom plate of test module. (b) Photo of apparatus. (b) Schematic of two-phase flow loop.

liquid. The Wavy Vapor Layer Regime (f = 90°) is the re-
sult of bubble coalescence into vapor patches that propagate
along the heated surface mimicking a continuous vapor layer.
Cooling of the surface appears to take place between the vapor
patches, where liquid is able to contact the surface. The Strati-
fication Regime (# = 180°) occurs when vapor resides above
the liquid in the form of a thick, fairly smooth layer covering
nearly the entire heated surface. The Vapor Stagnation Regime
(§ = 270°) is the result of a balance between buoyancy force
and the drag force exerted by the liquid on the vapor. Two ad-
ditional CHF regimes were observed at low flow velocities. A
Separated Concurrent Vapor Flow Regime occurred at veloci-
ties slightly greater than U = 0.1 m/s, when liquid drag ex-
ceeded buoyancy. Conversely, a Vapor Counter Flow Regime
was detected at velocities below 0.1 m/s, when buoyancy ex-
ceeded liquid drag and was therefore able to push vapor back-
wards towards the channel inlet. Aside from the drastic differ-
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Fig. 4. (a) Flow channel assembly. (b) Heated wall construction. (c) Two-phase loop schematic. (d) Photo of parabolic flight apparatus.

ences in vapor behavior, notice the large differences in CHF
magnitude among the four orientations.

Fig. 5(b) depicts vapor behavior for near-saturated flow
(ATsub,0 = 3 °C) at a relatively high velocity of U = 1.5 m/s.
Large drag forces in this cause dwarf any buoyancy effects,
virtually eliminating the effects of orientation, evidenced by the
same Wavy Vapor Layer Regime dominating all orientations
and fairly equal CHF values for all orientations. Overall, these
observations are consistent with previous flow orientation
studies by Simoneau and Simon [8], Mishima and Nishihara
[9], and Gersey and Mudawar [10], [11].

B. Parabolic Flight ng. Results

In microgravity, buoyancy becomes too weak to detach bub-
bles away from the heated surface. Surface tension tends to keep
coalescent bubbles on the surface, while liquid drag causes the
vapor to propagate along the surface. Therefore, there are funda-
mental differences between low velocity flow boiling behaviors
at 1g. and puge.

Unlike the 1 —g. vapor behavior discussed in the previous
section, Fig. 6 shows flow-boiling CHF in j1g. follows the same
mechanism at both low and high velocities. For near-saturated
flow at both U = 0.25 m/s and U = 1.4 m/s, bubbles coa-

lesced along the heated wall into fairly large vapor patches in
accordance with the Wavy Vapor Layer Regime. Fig. 6(c) shows
similar CHF behavior at U = 0.14 m/s and a relatively highly
subcooling of 22.8 °C.

To better understand the trigger mechanism for CHF in
the Wavy Vapor Layer Regime, a few ug. experiments were
performed at U = 0.15 m/s and ATyup,o = 3 °C, in which
high-speed video imaging captured interfacial behavior during
the CHF transient. Fig. 7(a) shows, just before CHF, vapor
patches grew into a wavy vapor layer that propagated along the
wall as vigorous boiling in wetting fronts between the vapor
patches provided the main mode for heat transfer from the
heated surface to the liquid. Notice the downstream wetting
front in Fig. 7(b) beginning to lift off from the heated surface
as the CHF transient progressed. This lift-off triggered a chain
reaction in which upstream wettings fronts began to detach
from the surface, Fig. 7(c), until the entire heated surface was
engulfed in a continuous insulating wavy vapor layer. This
behavior is consistent with the Interfacial Lift-off CHF Model
proposed by Galloway and Mudawar [12], [13] and Zhang et al.
[S].

The differences in vapor behavior between 1¢g. and g, ob-
served in the present study are fairly consistent with those of
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Fig. 5. Near saturated flow boiling CHF regimes at 1 g. corresponding to different flow orientations for (a) U = 0.1 m/s and (b) U = 1.5 m/s. CHF regime and
magnitude are highly dependent on orientation for the lower velocity and independent of orientation for the higher velocity.
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sub,0
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Fig. 6. Wavy Vapor Layer CHF Regime prevalent in g, at both low and high velocities as well as near-saturated and subcooled conditions.

prior pg. studies. Saito et al. [14] also observed large differ-
ences in bubble behavior on the surface of a horizontal heated
rod in 1g. and pg.. At 1g., buoyancy helped bubbles detach
from the rod surface very frequently. In the absence of buoyancy
in pg., small bubbles coalesced into much larger ones along the
heater rod and surrounded the heater rod downstream. Differ-
ences in vapor behavior between the two gravitational environ-
ments were more pronounced at lower velocities, higher heat
fluxes and lower liquid subcooling. Cochran [15] observed bub-
bles in microgravity slid along the heated wall and coalesced
into larger vapor masses rather than detached into the bulk flow.
Ma and Chung [16] investigated flow boiling of FC-72 on a thin
gold-film semitransparent heater at 1g. and pg.. They showed
high velocities greatly reduce the influence of buoyancy, re-
sulting in similar vapor behavior in both environments. They
also observed a significant decrease in flow boiling CHF in g,

compared with that in 1g., but those differences decreased with
increasing flow velocity [17].

C. Parabolic Flight 1.8 g. Results

Fig. 8 depicts sequential images of flow boiling at low veloc-
ities and 1.8 g.. Because of the high buoyancy force perpendic-
ular to the heated surface, bubbles appear to be removed from
the surface before they have the opportunity to coalesce, and
boiling behavior seems to mimic pool boiling at 1g.. Fig. 8(b)
shows high subcooling serves to quickly reduce the size of vapor
bubbles during growth and detachment at the surface due to
strong condensation effects.

D. Comparison of CHF Data for 1g. and pge

Fig. 9 shows the variation of CHF with inlet liquid velocity
at 1g. and pg.. In pge, the Wavy Vapor Layer Regime domi-
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Fig. 9. CHF data for ytg. and horizontal 1¢g. flow boiling.

nates the entire velocity range, and CHF increases appreciably
with increasing velocity because of the increased resistance to
wetting front lift-off. In 1-g. with the buoyancy force perpen-
dicular to the surface, CHF follows the Pool Boiling Regime at
low velocities and the Wavy Vapor Layer Regime at high veloc-
ities. Overall, the effect of velocity on CHF in 1g, is relatively
mild. Notice how CHF at the lowest velocity in g, is only 50%
of that in 1g.. Increasing velocity helps reduce the influence of
buoyancy force for the 1-g. data and result in the same Wavy

Vapor Layer Regime for both gravitational environments. The
effects of buoyancy at 1g. become negligible around 1.5 m/s at
which CHF values for 1g. and p1g. appear to converge.

The convergence of CHF data for both gravitational environ-
ments has important practical implications to the design of space
thermal management systems. Knowing the velocity at which
such convergence occurs allows designers to utilize the vast
knowledge amassed from celestial two-phase studies (e.g., two-
phase flow patterns and transitions, pressure drop, heat transfer,
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CHF) to design reduced gravity thermal management systems
with confidence, provided the liquid velocity exceeds the con-
vergent value.

IV. ANALYSIS

In this section, two design tools are introduced that enable
thermal management system designers to tackle the complex-
ities of flow boiling CHF in reduced gravity. The first is the
theoretical Interfacial Lift-off CHF Model, which has been pre-
viously validated for 1-g. pool boiling [2], 1-g. flow boiling
[[10]-[13], [18], [19]], and jg. flow boiling [4], [5]. Unlike the
original model, which is intended only for near-saturated flow, a
technique is presented to extend the model to subcooled reduced
gravity flows as well. The second tool is a set of dimension-
less criteria that determine the minimum (convergent) velocity
above which flow boiling CHF becomes “gravity-insensitive.”

A. Modified Interfacial Lift-off CHF Model

As discussed earlier, the Interfacial Lift-off Model is based
on the premise that flow-boiling CHF in the Wavy Vapor Layer
Regime is triggered by separation of wetting fronts from the
heated surface. Applying mass, momentum, and energy conser-
vation to a differential control volume of the flow channel of
length Az enables the determination of mean liquid layer ve-
locity Uy, mean vapor layer velocity U,, and mean thickness
6 of the vapor layer. These parameters are then used to deter-
mine the wavelength of the vapor-liquid interface according to
the Helmholtz instability [13].

2 _ Py ey, (Uy — Uyp)?

Ae 20 (p'f + pYy)

P vy, (Ug = Up)?
20 (P + pg,)

2
(pf _pg)gn )
g

where g, is the component
to the heated surface, p’f’ =
Py = pgcoth(2mHy/A.).

Lift-off of the wetting front is assumed to occur when the mo-
mentum of vapor produced in the wetting front just exceed the
pressure force associated with interfacial curvature; the latter
tends to maintain interfacial contact with the heated surface.
Using the sinusoidal shape of the interface given by (1), the
mean pressure difference across the length b\, of the wetting
front (b = 0.20 from photographic analysis) is given by

4roéd
b A2

of gravity perpendicular
prcoth(2rHy/A.), and

Py — P, = sin(7b). 2)

At the moment of lift-off, the heat flux ¢/ concentrated in
the wetting front is consumed by converting a mass of liquid
into vapor whose momentum perpendicular to the heated sur-
face pg u;n must just exceed the pressure difference given by

(2). This condition can be expressed as
—Pf —\ ! /2
Pg )
4rod
pgbA2

C

@y = pg(hpg + cp s Alsun o) (

1/2
= pg(hfg + cp.f.ATiub,(y) |: Sin(ﬂ'b):| . (3)
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Fig. 10. Comparison of model predictions and CHF data measured at 1¢g. and
Hge-

The heat flux given by (3) can be related to the value of CHF,
q;l, by & q;l =b q;, where & (termed heat utility ratio) is the
portion of q; at CHF that is dedicated to vapor generation.
Therefore, CHF may be expressed as

drod

1/2
m Slﬂ(’ﬂ'b):| . (4)

Ty = gpg(hfg + cp.f. ATsub,0) {
Additional details concerning the use of this equation and axial
location for determining 6 and ). is available in [6].

The difficulty in using (4) to determine CHF stems from a
lack of theoretical understanding of the illusive parameter &.
This parameter must satisfy the criteria 0 < ¢ < 1 for sub-
cooled flow and ¢ = 1 for saturated flow. A dimensionless re-
lation that satisfies both criteria was derived from data obtained
in the present study as well as a fairly extensive 1-g. database
for flow boiling CHF in a horizontal channel by Sturgis and
Mudawar [18], [19]. Minimizing mean absolute error (MAE)
in CHF prediction using the Interfacial Lift-off Model yielded
the following heat utility relation:

2 0.2
{0.00285 (@) J (5)

Fig. 10 shows the present model is successful at predicting
the present p1g. and 1-g. CHF data as well as the 1-g. data of
Stugis and Mudawar. Virtually all the data fall within £25% of
the model predictions, and the MAE for the combined database
is 9.4%.

. l)_prf ATvsub,o

=1
Pg htg

B. Minimum Velocity for Gravity-Insensitive Flow Boiling

As discussed earlier, it is possible to design “gravity-insen-
sitive” reduced-gravity systems by maintaining flow velocity
above the convergence value for 1-g. and g CHF data. Such
systems allow data, correlations, and models developed on Earth
to be safely implemented in space system design. The approach
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adopted here in developing minimum (convergent) velocity cri-
teria is to examine the 1-g. CHF data and determine conditions
under which the effects of gravity can be ignored.

In general, gravity can be decomposed into two components,
one perpendicular, and the other parallel to, the surface. The
component perpendicular to the surface influences hydrody-
namic instability of the vapor-liquid interface. The critical
wavelength, A., of Helmholtz instability given by (1) can be
rearranged into the form

21 o (ps+pg)
Ac pfpg(Ug - Uf)2

1 {1 . %H(pf —pg><pf+pg>2agn} o

2 p302(Uy — Up)t

The right-hand side of (6) approaches unity when the compo-
nent of body force perpendicular to the heated surface is too
weak to influence interfacial instability. This condition can be
expressed as

(pf = pg) (pf + pg)?> 0 gn
p% p2 (U, — Uy)*

! 7

This criterion was examined by substituting the phase ve-
locity difference by the characteristic flow velocity U of the flow
channel. The dimensionless group in (7) can also be expressed
as Bo/ We2, where Bo and We are the Bond and Weber num-
bers, respectively, which are defined as

2
(pf +pg)0
and
. 2
Bo— (Pr = Pg)gnL” ©

g

Since the 1-g. data showed insensitivity to orientation for
U = 1.5 m/s or greater, the magnitude of Bo/VVe2 for U =
1.5 m/s is used as a criterion for the gravity insensitive CHF
regime

Bo
We?

. 2
_ (s = pg) (s + 2g)" 0 9e 09

p7 P2 U4

(10)

The second component of gravity that influences flow boiling
CHF at 1¢, is the component along the direction of (or oppo-
site to) the liquid flow. This is the component responsible for
the aforementioned Separated Concurrent Vapor Flow Regime,
Vapor Stagnation Regime, and Vapor Counter Flow Regime.
The latter two regimes are especially troubling because they
yield unusually low CHF values. Besides, the Vapor Counter
Flow Regime can interrupt the liquid flow and lead to flooding.
Vapor flow in both of these regimes took the form of a long slug
bubble whose velocity relative to liquid can be expressed as [20]

[(ps — pg) 9/ Dn]*/?

1/2
pf/

Usx =0.35

Y

Vapor Stagnation occurs when U,, = U, and counterflow when
U~ > U. Both CHF regimes may be avoided when U, < U,
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Fig. 11. Determination of minimum flow velocity required to overcome all
body force effects on flow boiling CHF.

which, after replacing g // with g., can be represented in terms
of the Froude number as

< 8.16.

1 _ ‘(Pf — pg) ge Di, (12)

Fr pr2

Since vapor counterflow and vapor stagnation ceased to exist
for U > 0.5 m/s [4], this value was substituted in (12) yielding
1/Fr = 0.13. Therefore, a sufficient criterion for avoiding both
detrimental CHF regimes can be expressed as

1 — e D
_:(/’f Pg) ge h’§0.13.

Fr psU? (13)

A third criterion for minimum velocity concerns the wave-

length of the Helmholtz instability. In particular, low flow veloc-

ities were found to produce a very large wavelength [6]. There-

fore, a single vapor patch may cover the entire length L of the

heated surface. The criterion A\, < L (where ). is given by (1))
can be expressed in the following Weber number form:

pspgU? L

Wep = ————— >
(P + pg)o

\Y

o (14)

The three criteria given by (10), (13), and (14) can be used
collectively to identify operating conditions that negate the in-
fluence of gravity on flow boiling CHF. Fig. 11 shows the
minimum velocity required to satisfy the above criteria as a
function of g/g.. Each of the above three criteria predicts a
particular value of U that must be exceeded in order to over-
come body force effects. Since these criteria must be satisfied
simultaneously, exceeding the largest of the three values be-
comes the determining criterion. Fig. 11 shows the minimum
velocity for Earth, Martian, and Lunar environments is domi-
nated by the instability criterion, while pg. conditions may be
influenced by the heated length criterion, especially for short
heated surfaces.
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V. CONCLUSION

In this paper, flow boiling CHF experiments were performed

in a

n inclined channel at 1g. as well as in reduced gravity par-

abolic flight. Photographic studies of the vapor-liquid interface

Wer

e used to identify the dominant CHF mechanism in each en-

vironment. Theoretical models are presented to aid the designer

ofa

two-phase thermal management system in avoiding this im-

portant catastrophic limit. Key findings from the study are as
follows.

1)

2)

3)

4)

Several complex CHF regimes were identified for flow
boiling in inclined channels at 1g.. All but one regime, the
Wavy Vapor Layer Regime, are the result of the strong in-
fluence of buoyancy on vapor behavior. The Wavy Vapor
Layer Regime, which is encountered at all velocities in
vertical upflow and relatively high velocities in all orien-
tations, shows virtually no sensitivity to orientation above
a certain velocity limit.

Unlike 1-g. flow boiling, only the Wavy Vapor Layer
Regime was observed in pg.. CHF values for this envi-
ronment at low velocities are significantly smaller than
in horizontal flow at 1g.. CHF differences between the
two environments decrease with increasing velocity, cul-
minating in virtual convergence above a certain velocity
limit. This proves existing data, correlations, and models
developed from 1-g. studies can be employed with confi-
dence in designing reduced gravity thermal management
systems, provided flow velocity is maintained above this
limit.

Three dimensionless criteria were developed to determine
the minimum flow velocity required to overcome the ef-
fects of gravity on flow boiling CHF. Depending on the
magnitude of gravity, working fluid, operating conditions,
and length of heated surface, this limit is dictated by hy-
drodynamic instability, flooding, or length criteria.

For low velocity conditions where CHF is sensitive to
gravity, the Interfacial Lift-off Model is a very effective
tool for predicting flow-boiling CHF in both 1g. and pg.
as well as saturated and subcooled flows.
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