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Abstract

The interfacial instabilities important to the modeling of critical heat flux (CHF) in reduced-gravity systems are

sensitive to even minute body forces, especially for small coolant velocities. Understanding these effects is of paramount

importance to both the reliability and safety of two-phase thermal management loops proposed for future space and

planetary-based thermal systems. Unfortunately, reduced gravity systems cannot be accurately simulated in 1g ground-

based experiments. However, ground-based experiments can help isolate the effects of the various forces (body force,

surface tension force and inertia) which influence flow boiling CHF. In this project, the effects of the component of body

force perpendicular to a heated wall were examined by conducting 1g flow boiling experiments at different orientations.

Boiling experiments were performed using FC-72 in vertical and inclined upflow and downflow, as well as horizontal

flow, and with the heated surface facing upward or downward relative to gravity. CHF was very sensitive to orientation

for flow velocities below 0.2 m/s and near-saturated flow; CHF values for downflow and downward-facing heated

surface were much smaller than for upflow and upward-facing surface orientations. Increasing velocity and subcooling

dampened the effects of flow orientation on CHF. For saturated flow, the vapor layer characteristics fell into six dif-

ferent regimes: wavy vapor layer, pool-boiling, stratification, vapor stagnation, vapor counterflow, and vapor con-

current flow. The wavy vapor layer regime encompassed all subcooled and high-velocity saturated conditions at all

orientations, as well as low-velocity upflow orientations. Prior CHF correlations and models were compared, and

shown to predict the CHF data with varying degrees of success. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Reduced gravity flow boiling

New methods are being sought by government and

private organizations for thermal management of heat

loads in a number of space and planetary-based sys-

tems. Efficient thermal management loops are needed

to transport heat from electronic, power, and environ-

mental sources, of various sizes and power densities, to a

space radiator, where the heat is ultimately rejected by

radiation to deep space. This task of heat acquisition/

transport/rejection can be accomplished with both sin-

gle-phase and two-phase thermal management loops.

Although single-phase loops have been successfully

utilized in many space applications, including NASAs

Space Shuttles, focus has now shifted to the develop-

ment of two-phase loops for future space systems. Two-

phase loops are ideally suited for efficient removal of

large heat loads since they offer better than an order of

magnitude reduction in heat-load-to-weight ratio. An-

other merit is their ability to transport heat at nearly

isothermal conditions over long piping distances. These
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attributes are mostly the result of the large boiling and

condensation heat transfer coefficients realized with the

coolant’s change of phase. Earlier generation two-phase

cooling systems for space exploration include heat pipes,

loop heat pipes, and capillary pumped loops [1]. All

three systems use capillary forces to return liquid cool-

ant to an evaporator, where the heat is extracted from a

heat-dissipating device. Since capillary forces can sustain

only very small pressure drops, coolant flow rates in

these systems are typically very small. This is why these

three systems can only be used in relatively low heat flux

and low total heat load space systems. To alleviate those

performance constraints, mechanically pumped two-

phase loops are becoming increasingly attractive, if not

necessary.

Reduced gravity power and electronic cooling devices

are mostly heat-flux-controlled. Critical heat flux (CHF)

under these conditions is a highly transient phenome-

non, which can lead to a sudden, large rise in the de-

vice temperature. Many materials cannot withstand this

sharp temperature rise; consequently, they melt, burn

out, or undergo some form of permanent damage. CHF

is therefore a primary concern in the design of reduced-

gravity cooling hardware. The ability to predict CHF is

of paramount importance to both the reliability and

safety of a space system’s two-phase thermal manage-

ment loop.

High cost, hardware complexity, and sparse data the

researchers are able to obtain from short-duration drop-

tower or parabolic flight microgravity experiments,

compounded by limited access to Space Shuttle experi-

ments, are all reasons behind the relatively small body of

literature on flow boiling CHF in reduced gravity.

These, and the desire to approach the understanding of

boiling in reduced gravity on a very fundamental basis,

explain why virtually all reduced gravity CHF studies

have been focussed on pool boiling.

In a comprehensive review of pre-1967 reduced-

gravity experiments, Siegel [2] found pool boiling CHF

between 0.01 and 1g is proportional to g1=4 Since most

of these data were obtained in very short-duration

drop-tower experiments, it was difficult to ascertain the

limiting value of CHF as gravity approaches zero.

Nonetheless, the large reduction in CHF in vanishing

gravity is an obvious concern in two-phase thermal

management loop design.

Bulk motion is an effective means for enhancing CHF

relative to pool boiling. CHF in 1g flow boiling increases

monotonically with increases in bulk velocity, especially

under subcooled conditions [3]. Bulk motion increases

CHF by flushing bubbles away from the heated surface

before they coalesce to large vapor masses, and by re-

plenishing the surface with bulk liquid. Subcooling, on

the other hand, both increases the sensible energy of the

replenishing liquid, and greatly reduces the size of co-

alescent vapor masses during intense boiling.

Unfortunately, the power ‘‘budget’’ in a space system

is very limited since it has to be generated by batteries

which are powered by solar panels. This places stringent

limitations on both coolant velocity and subcooling in

a two-phase thermal management loop. To minimize

pumping power requirements, only very low coolant

velocities can be tolerated. Additionally, the small size of

loop condensers favors near-saturated coolant condi-

Nomenclature

a body force per unit mass perpendicular to

heated surface

Aw heated area of channel, wL

A channel cross-sectional area

ci imaginary component of wave speed

cpf specific heat of liquid

Dh channel hydraulic diameter, 4A=Ph
g Earth’s gravitational acceleration

hfg latent heat of vaporization

kf thermal conductivity of liquid

L heater length in flow direction

Ph heated perimeter of channel (equal to w)

Po outlet pressure

q00 local heat flux

q00m CHF

Tb calculated equilibrium bulk mixture tem-

perature

Tb;o calculated outlet mixture temperature

Tsat;o saturated temperature based on measured

outlet pressure

Tw wall temperature

DTsub;o calculated outlet sub-cooling, Tsat;o � Tb;o
U liquid inlet velocity

DU velocity difference between vapor and liquid

w heater width

Greek symbols

h flow orientation angle

k wavelength of vapor layer interface

kc wavelength corresponding to onset of in-

terfacial instability

kd wavelength corresponding to fastest growth

of interfacial instability

qf density of saturated liquid

qg density of saturated vapor

r surface tension
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tions. The combination of low velocity and near-satu-

rated flow carries the risk of producing small CHF

values in reduced gravity. Unfortunately, very little is

presently known about CHF under these conditions.

1.2. Critical heat flux mechanism

Recent 1g flow boiling CHF studies shed some light

about the complexity of the CHF mechanism under

conditions of low velocity, near-saturated flow, and re-

duced gravity. Galloway and Mudawar [4,5] observed

vapor bubbles coalesce at 1g into a wavy vapor layer

upon the heated surface as CHF is approached. Ideal-

ized in Fig. 1, the individual wavy vapor patches per-

fectly insulate the heated surface beneath. Heat transfer

occurs mainly by vigorous boiling at wetting fronts

corresponding to the troughs between the vapor patches.

CHF occurs when the momentum of vapor generated by

boiling in the wetting fronts exceeds the pressure force

resulting from interfacial curvature. Interfacial separa-

tion ensues and the surface is covered with a continuous

insulating vapor blanket.

In their model, Galloway and Mudawar employed an

interfacial instability analysis to describe the wavy mo-

tion of the vapor layer. The interface is destabilized by

inertia and body force component perpendicular to the

surface, while surface tension helps preserve interfacial

stability. Linear instability theory yields a relation for

wave speed possessing both real and imaginary compo-

nents; the existence of the latter dictates if interfacial

perturbations become unstable. For semi-infinite media,

the interface is unstable when the interfacial wavelength,

k, exceeds a critical wavelength, kc, which is determined

by setting the following expression for the imaginary

component of wave speed equal to zero [4,5].

c2i ¼
qfqg

ðqf þ qgÞ
2
DU 2 þ

qf � qg

ðqf þ qgÞ
1

ð2p=kÞ a

� r
qf þ qg

2p
k

� �
: ð1Þ

Aside from fluid properties, Eq. (1) shows the on-

set of instability is a function of both DU , velocity

difference between the two phases, and a, the magnitude

of body force per unit mass perpendicular to the sur-

face. The wavelength of an unstable interface can range

from kc to kd, the wavelengths corresponding to the

onset of instability and fastest growth of instability,

respectively; the later is determined by setting the de-

rivative of ci with respect to k in Eq. (1) equal to zero.

Fig. 2a and b show the variations of kc and kd, respec-

tively, with body force, measured as number of Earth

g’s, for different magnitudes of velocity difference. At

high g’s (a=g � 1), both wavelengths follow the Taylor

instability, which is dominated by a balance between

surface tension and body forces. Below a=g ¼ 1, wave-

lengths are far more complex, exhibiting different in-

stability characteristics for different velocities. For

a=g � 1, wavelengths follow the Helmholtz instability

(dominated by a balance between surface tension forces

and inertia) for high velocities, but for small flow ve-

locities, wavelengths are very sensitive to even minute

body forces. Furthermore, wavelengths at small veloci-

ties can become large enough to engulf an entire heat

dissipating device surface, greatly increasing the likeli-

hood of physical burnout.

In a ground-based flow boiling system, the body

force term in Eq. (1) is determined by the component of

the g-field normal to the heated surface, consequently,

by the flow orientation. Interestingly, the above wavy

vapor layer depiction at CHF) has also been confirmed

for pool boiling on near-vertical surfaces [6]. A more

recent study by Howard and Mudawar [7] showed the

surface orientation effects can be divided into three re-

gions: near-horizontal upward-facing, near-vertical, and

downward-facing. In the near-horizontal upward-facing

region, the buoyancy forces remove the vapor vertically

off the heater surface in accordance with the classical
Fig. 1. Wavy vapor layer propagation along heated surface at

CHF) in vertical upflow at 1g.
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pool boiling model by Zuber et al. [8]. The near-vertical

region is characterized by a wavy vapor layer sweeping

along the heater surface, closely resembling the vertical

flow boiling CHF illustrated in Fig. 1. In the downward-

facing region, the vapor repeatedly stratifies upon the

heater surface, greatly reducing CHF. These and many

earlier studies [9–14] prove different models should be

developed for different orientations due to the vast dif-

ferences in CHF trigger mechanism for the different

orientations. These results clearly demonstrate the im-

portance of body force in modeling pool boiling CHF.

The differences in CHF trigger mechanism for dif-

ferent orientations become even more pronounced in

flow boiling because of the complex flow interactions

that may result at different flow velocities. Simoneau and

Simon [15], for example, indicated vapor motion in

vertical nitrogen downflow changes from concurrent at

high liquid velocities to countercurrent at low velocities,

and CHF values for downflow are lower than for upflow

at the same velocity. Increasing the inlet velocity de-

creases the difference between upflow and downflow

CHF due to a diminution of buoyancy effects relative to

liquid inertia. Mishima and Nishihara [16] suggested

flooding is the cause of CHF for downflow at very small

velocities. As the velocity is increased from a flooded

downflow state, the bubbles become stagnant due to a

balance between the drag force exerted by the liquid and

the buoyancy force. This stagnation produces an even

lower CHF than flooding does at lower velocities. When

the flow velocity is increased further, the bubbles be-

Fig. 2. Wavelength of interfacial perturbation corresponding to (a) onset of instability and (b) fastest growth of instability.
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come entrained in the liquid and move stream-wise;

CHF increases.

Gersey and Mudawar [17] studied the effects of

flow orientation on flow boiling CHF in mainframe

computer cooling. CHF showed significant sensitivity to

flow orientation and therefore to the component of

gravity (i.e. body force) normal to the heated surface.

This sensitivity became weaker at higher inlet liquid

velocities, and increasing subcooling served to

dampen the effects of orientation even further. During

the downflow tests, they observed the vapor moving

counterflow (upwards) at very low velocities, becoming

stagnant at slightly higher velocities, and moving with

the liquid with further increases in velocity. Stratifica-

tion occurred at low velocities for downward-facing

horizontal surfaces.

The studies by Mishima and Nishihara [16], and

Gersey and Mudawar [17] demonstrate the complexity

of CHF mechanism at low velocities and different

magnitudes of body force. As shown in Fig. 2a and b,

low velocities produce conditions that are very sensitive

to even minute body forces. The primary objectives of

the present study are to: (1) explore these phenomena

more rigorously, (2) capture all possible CHF regimes

associated with the different orientations, and (3) assess

the effectiveness of prior CHF models and correlations

in predicting experimental data corresponding to the

different regimes.

2. Experimental methods

2.1. Flow boiling module

A flow boiling test module was fabricated which

enabled side-viewing of vapor formations along a he-

ated surface. The module was formed by bolting to-

gether two transparent polycarbonate plastic (Lexan)

plates, as shown in Fig. 3. A 5:0 mm	 2:5 mm slot was

milled into the bottom plate of the test module, forming

a flow channel. A side portion of the same bottom plate

was milled out to facilitate the insertion of a copper

heater flush with one side of the flow channel. A hy-

drodynamically fully developed flow was achieved by

placing the heater 106 hydraulic diameters from the

inlet. A honeycomb insert at the channel inlet straight-

ened the flow and broke up any large eddies. The two

test module plates were bolted together, trapping a

flexible Teflon cord in a shallow slot on the underside of

the top plate, providing a leak-proof assembly. Leaks

around the heater surfaces were prevented by careful

application of a thin film of high-temperature RTV

silicone rubber. Fluid temperature and pressure were

measured both upstream and downstream of the heater.

The pressure was measured with 0.01% accuracy trans-

ducers.

FC-72, a 3M Company dielectric fluid recommended

for cooling of electronic and power devices in space

systems, was used in all the tests. Its relatively low

boiling point (56 �C at atmospheric pressure) and low

CHF values are both especially attractive for photo-

graphic study of the CHF mechanism because the un-

steady CHF temperature excursion with this fluid is

much slower than with water, which greatly reduces the

danger of test module burnout.

The heater block was fabricated from a single block

of 99.99% pure (oxygen-free) copper. A thin portion of

the block was inserted into the lower plate of the test

module as shown in Fig. 4a. The heated surface, Fig. 4b,

was 2.5 mm wide and 101.6 mm along the flow direction.

Heat was supplied by four 150-W cartridge heaters that

were embedded in the thick protruding portion of the

copper block. These cartridge heaters were powered by a

single 115-W variable transformer, allowing the heat

dissipation to be incremented manually during testing.

The cartridge heaters were distributed symmetrically in

the thick portion of the copper block to ensure even heat

dissipation along the heater surface in contact with the

fluid.

Local heat flux and local wall temperature were de-

termined with five sets of Type-K thermocouples in-

serted strategically along the heater. Each set consisted

of three thermocouples situated 1.02, 6.10, and 11.18

mm from the surface.

Assuming locally one-dimensional heat conduction

through the thin portion of the copper heater inserted

into the lower plate of the test module, a temperature

profile was calculated using a linear squares fit to the

three thermocouple readings at each of the five ther-

mocouple locations. This profile was then used to cal-

culate both the local heat flux, q00, and local wall

temperature, Tw. Measurement inaccuracies resulted

from: (1) error in the thermocouple measurement itself

(following calibration), (2) thermocouple hole location,

(3) small variation of the thermal conductivity of oxy-

gen-free copper over the temperature range encountered,

and (4) slight non-linearity of the temperature profile

between the three thermocouples at each axial location.

Propagation of error analysis gave overall uncertainties

in the present heat flux and wall temperature measure-

ments of 7.9% and 0.3 �C, respectively.
The calculation of fluid bulk temperature, Tb;o, at a

particular thermocouple location along the flow direc-

tion was based on heat input up to that location and

the assumption of a well-mixed flow. The inlet fluid

temperature was measured by the upstream thermo-

couple. However, the downstream thermocouple did not

provide an accurate reading of the exit temperature

since void fraction at the outlet was quite large in many

cases. For this reason, the mixture outlet temperature

was calculated in the same manner as the bulk tem-

perature.
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2.2. Flow loop

Fig. 5 shows a schematic of the two-phase flow loop

that was used to supply liquid FC-72 to the test module

at the desired operating conditions. Fluid flow into the

channel was controlled by two valves; one of which was

used to bypass excess flow. Flow rate was measured by

two variable area rotameters (used mostly for visual

monitoring) and a turbine flowmeter. The turbine flow-

meter had a 2.3% accuracy.

The fluid temperature was modulated by a flat-plate

heat exchanger and an in-line heater. The primary pur-

pose of the heat exchanger was to cool the bulk flow

from energy supplied by the test heater and the pump,

using water as secondary coolant. Connected to a vari-

able transformer, the in-line heater fine-tuned the fluid

temperature prior to entering the flow channel.

The entire facility, which included the two-phase flow

loop and instrumentation cabinets, was mounted onto a

steel cart equipped with heavy-duty casters. This was

Fig. 3. Bottom plate of test module.
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intended to facilitate convenient transport of the facility

for future parabolic flight microgravity experiments. The

test module was connected to a bracket that included a

0–360� angular rotation stage, and the bracket was

mounted atop the cart. The rotation stage enabled

testing at all orientations relative to Earth’s gravity.

2.3. Test conditions

For each test, the inlet temperature, outlet pressure,

and flow rate were first adjusted to the desired test

conditions with the heater electrical power set very low.

Once thermal conditions became steady, a data point

was recorded and electrical power incremented. Con-

tinuing in this manner, the test proceeded through the

single-phase and two-phase regions generating a boiling

curve, which was terminated at CHF. Steady-state

conditions were evaluated based on the standard devi-

ation of the surface temperature at thermocouple loca-

tion 5. CHF is defined here as the last stable condition

prior to a sudden drop in heat flux, accompanied by a

sudden increase in surface temperature.

As shown in Fig. 6, tests were conducted at eight

different orientations. The horizontal orientation with

the heated surface facing upwards is defined as h ¼ 0�.
Moving counterclockwise, the orientation angle was

increased in 45� increments to cover representative

conditions for all orientations.

Fig. 5. Two-phase flow loop.

Fig. 4. (a) Heater inserted into bottom plate of test module. (b)

Top view of heater.
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For each orientation, tests were carried out at two

outlet subcooling levels, referred to in this paper as

saturated (DTsub;o ¼ 3 �C) and subcooled (DTsub;o ¼ 30

�C). For the saturated conditions, five flow veloci-

ties (U ¼ 0:1, 0.2, 0.5, 1.0 and 1.5 m/s) were studied.

Only three velocities (U ¼ 0:5, 1.0 and 1.5 m/s) were

examined. The small flow rates associated with velocities

below 0.5 m/s meant the liquid had to be supplied

at very low inlet temperatures to provide the desired

exit subcooling. Instead of a water-cooled heat ex-

changer, these low inlet temperatures demand a refrig-

eration system, which was unavailable for the present

study.

The outlet subcooling (DTsub;o) values refer to the

subcooling existing at the outlet of the heated section at

the time CHF was reached. The outlet pressure was

held constant at Po ¼ 138 kPa (20 psia) in all tests; the

corresponding saturation temperature of FC-72 is

Tsat;o ¼ 66:3 �C. Therefore, at the time CHF was

reached, the outlet bulk fluid temperature was

Tb;o ¼ 63:3 �C for the saturated tests, or 36.3 �C for the

subcooled.

2.4. Flow visualization techniques

The present flow visualization studies were per-

formed with a high-speed video system using a frame

rate of 1000 fps. The video camera itself was positioned

to face the front side of the flow channel. The flow was

back-lit by a high intensity light source. A translucent

sheet of paper was placed between the light source and

the channel to soften and diffuse the incoming light.

Both the camera and light source were mounted on tri-

pods, allowing both to traverse the entire heated length.

All the pictures presented in this paper depict roughly

the exit one-third of the heated length at CHF), the last
steady data point before the CHF transient ensued.

3. Flow visualization results

3.1. Subcooled flow

Fig. 7a shows representative CHF) photographs for

a velocity of U ¼ 0:5 m/s and DTsub;o ¼ 30 �C. This is a

Fig. 6. Flow orientation nomenclature. Heater location for each location is indicated by solid rectangle.
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relatively low velocity condition, for which the liquid

exerts weak drag forces upon the departing bubbles,

while the high subcooling reduces bubble growth along

the heated surface. At h ¼ 315�, 0� and 45�, the buoy-

ancy force lifted bubbles vertically upward from the

heated surface into the liquid core; some stratified

against the opposite wall. At h ¼ 90�, 135�, 180� and

225�, the bubbles coalesced into wavy vapor patches

which propagated along the heated surface. These wavy

patches were separated by regions of liquid contact with

the heated surface, resembling the CHF mechanism il-

lustrated in Fig. 1. At h ¼ 270�, the situation was cat-

egorically different from all other orientations. A large

number of small bubbles were observed in the close vi-

cinity of the heated surface; some coalesced and de-

parted into the bulk liquid flow.

Vapor behavior at U ¼ 1:0 m/s and DTsub;o ¼ 30 �C
was fairly similar to that shown in Fig. 7a for 0.5 m/s,

the only exception being a relatively thinner vapor layer

at 1.0 m/s because of the increased drag force.

Fig. 7b shows vapor behavior at CHF) for the highest

flow velocity of U ¼ 1:5 m/s is fairly insensitive to ori-

entation. Wavy vapor patches with a highly ragged in-

terface (due to increased turbulence at this high velocity)

were separated by regions of more intimate liquid contact

with the heated surface. Associated with this higher flow

velocity is a greater drag force that helped contain the

vapor in close proximity to the heated wall. The absence

of any vapor bubbles in the core is also the result of the

substantial subcooling, since any vapor tending to detach

from the vapor patches would quickly condense into the

bulk liquid. This behavior is in sharp contrast with that

observed at U ¼ 0:5 and 1.0 m/s for h ¼ 315�, 0� and 45�,
where coalescent bubbles slid briefly along the heater

surface before detaching into the bulk flow.

3.2. Saturated flow

Fig. 8a shows vapor behavior at CHF) for the lowest

flow velocity of U ¼ 0:1 m/s and saturated conditions.

Fig. 7. Vapor behavior at DTsub;o ¼ 30 �C for: (a) U ¼ 0:5 m/s and (b) U ¼ 1:5 m/s.
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Clearly obvious from these photos is that CHF) is

highly influenced by orientation and can be classified

into several different mechanisms. For h ¼ 315�, 0�, and
45�, boiling at this low velocity is reminiscent of pool

boiling, due to the weak drag forces exerted by the liq-

uid. Bubbles first coalesced upon the heated surface

before being detached by buoyancy and driven across

the channel, ultimately stratifying against the opposite

wall. The h ¼ 315� orientation produced a very peculiar

flow pattern, where bubbles coalesced into a massive

vapor layer below the opposite wall as liquid ligaments

flowed between the coalescent bubbles still attached to

the heated wall and the massive vapor layer. For h ¼ 90�
and 135�, a wavy vapor layer developed, allowing liquid

contact between vapor patches. For h ¼ 180�, 225�, and
270�, CHF was very small because of a drastically dif-

ferent vapor behavior. At heat fluxes only slightly below

CHF, only a few vapor bubbles were present. Bubbles

close to the heated surface moved backward relative to

the incoming liquid, while those away from the surface

were almost stagnant. After the heater power was in-

creased a mere 2.4 W/cm2, CHF commenced slowly as

pronounced stratification of vapor above liquid began to

take form. Bubbles developed into a thick continuous

vapor blanket covering almost the entire length of the

heater. This vapor blanket moved backward relative to

the incoming liquid and occupied most of the channel

cross-section, allowing only a thin layer of liquid to

penetrate through.

Vapor behavior at a slightly higher velocity of U ¼
0:2 m/s was very similar to that at 0.1 m/s, the only

difference being at h ¼ 225�, where the massive vapor

blanket was fairly stagnant relative to the incoming

liquid as the drag force exerted by the liquid grew large

enough to balance the buoyancy force. Stratification

also occurred at h ¼ 225� for U ¼ 0:5 m/s.

Vapor behavior at CHF) for 1.0 and 1.5 m/s was

very similar, and orientation seemed to have minimal

effect on the vapor layer development for both velocities.

As shown in Fig. 8b for U ¼ 1:5 m/s and saturated flow,

the flow was dominated by wavy vapor patches sliding

along the heated surface. The liquid–vapor interface was

Fig. 7 (continued)
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very ragged due to increased turbulence at this high

velocity. There were also regions of liquid contact with

the heated surface between the vapor patches. These

observations are consistent with the CHF mechanism

depicted in Fig. 1.

4. Critical heat flux results

4.1. Subcooled flow

Fig. 9a illustrates in polar form the effects of orien-

tation on CHF for DTsub;o ¼ 30 �C. CHF for all veloc-

ities reached maximum value at h ¼ 45� and decreased

to a minimum at h ¼ 225�. For h ¼ 180�, 225�, and

270�, CHF for all velocities was lower than for the

other gravity-assisted orientations; CHF decreased with

the heater surface facing downward, especially in

downflow. However, the effect of orientation was rela-

tively mild for subcooled conditions, especially at the

higher velocities.

4.2. Saturated flow

For the three lowest velocities of U ¼ 0:1, 0.2 and 0.5

m/s and saturated flow, orientation had a very profound

effect on CHF, as shown in Fig. 9b. For the upward-

facing heater surface orientations, h ¼ 315�, 0� and 45�,
buoyancy helped remove vapor away from the heated

surface, reducing vapor accumulation and resulting in

relatively large CHF values.

For vertical upflow, h ¼ 90�, there is no body force

normal to the heated surface. Consequently, CHF val-

ues for the three lowest velocities at h ¼ 90� were smaller

than those for the upward-facing orientations.

When the channel was turned counterclockwise fur-

ther, the heated surface became downward-facing, and

buoyancy forced the vapor to accumulate against the

heated surface, leading to very low CHF values for

U ¼ 0:1 and 0.2 m/s. This is especially the case for

h ¼ 180�, with the heated surface situated completely

above the fluid. For h ¼ 225�, a combination liquid

downflow and a heated surface situated above the liquid

produced two undesirable effects: (1) buoyancy force

Fig. 8. Vapor behavior at DTsub;o ¼ 3 �C for: (a) U ¼ 0:1 m/s and (b) U ¼ 1:5 m/s.
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accumulating vapor against the heated surface and (2)

buoyancy force resisting stream-wise vapor release. At

times, the latter of those two effects seemed to produce a

stagnant vapor mass along the heated surface because of

an apparent equilibrium between buoyancy and liquid

drag force. As a result of these effects, the CHF values

for U ¼ 0:2 and 0.5 m/s decreased further compared

with those at h ¼ 180�. But for U ¼ 0:1 m/s, the buoy-

ancy force exceeded the liquid drag force, causing the

vapor to flow backwards (upwards against gravity). The

ensuing vapor motion along the heated surface delayed

the occurrence of CHF for U ¼ 0:1 m/s at h ¼ 225�
compared to 0.2 m/s.

For the vertical downflow orientation, h ¼ 270�, the
vapor was more capable of clearing the heated surface,

in the absence of a gravity force normal to the surface,

than at h ¼ 225�. CHF values for the three lowest ve-

locities were therefore higher at h ¼ 270� than at 225�.
Although the CHF values for h ¼ 135 to 270� at the

two highest velocities of U ¼ 1:0 and 1.5 m/s are smaller

than for other orientations, Fig. 9b shows the overall

sensitivity of CHF to orientation is much weaker than at

the three lowest velocities.

5. Critical heat flux regimes

The two previous sections clearly illustrate the im-

portant role of body force for different orientations and

operating conditions. Body force influences both axial

two-phase flow, via the body force component parallel

to the heated wall, and, more importantly, interfacial

instability resulting from the component of body force

perpendicular to the heated wall.

The polar plots in Fig. 9a and b clearly support that

notion that low velocity, near-saturated flows, which are

recommended for space thermal management loops,

produce the greatest sensitivity to orientation and,

therefore, to the magnitude of body force perpendicular

to the heated surface. The saturated data are examined

here to capture all possible CHF regimes associated with

the different orientations.

Fig. 8 (continued)
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Overall, six CHF regimes were observed with

saturated flow, which are represented in polar form in

Fig. 10: (1) wavy vapor layer, (2) pool boiling, (3) strat-

ification of vapor above liquid, (4) vapor stagnation, (5)

vapor counterflow, and (6) separated concurrent vapor

flow.

The wavy vapor layer regime, which is consistent with

the Galloway and Mudawar [4,5] model, is characterized

by a wavy vapor–liquid interface, and liquid reaching

the heated surface only in wetting fronts, located at

troughs between the vapor patches. All the present

U ¼ 1:0 and 1.5 m/s data fall into this regime, regardless

of orientation. This regime encompasses the upflow

orientation at the lower velocities as well. This supports

the instability hypothesis shown in Fig. 2a and b. These

two figures demonstrate that, below 1g, interfacial in-

stabilities at high velocities are fairly insensitive to body

force, dominated by a balance between surface tension

and inertia. Fig. 2a and b also prove that very low ve-

locities greatly exasperate the effects of body force.

For the present low velocity tests with the heater

surface facing upward (h ¼ 315, 0 and 45�), a weak

liquid drag force enabled buoyancy to detach coalescent

bubbles into the liquid core, reminiscent of classical 1g

horizontal pool boiling situations.

With the heater facing downward, h ¼ 180� and 225�,
and weak liquid inertia at low velocities, buoyancy

dominated the vapor formation, causing stratification of

vapor above liquid. It is interesting to note that gravity

becomes a stabilizing force for these orientations, evi-

denced by the negative body force term in Eq. (1). In-

stead of detaching into the liquid flow, bubbles coalesced

into a thick, fairly smooth vapor layer that covered

nearly the entire heated surface, and liquid penetrated

through the channel as a thin stream below the vapor

layer. The stratified vapor layer precluded liquid contact

with the heated surface resulting in extremely low CHF

values. At h ¼ 225�, stratification was accompanied by

vapor stagnation at U ¼ 0:2 m/s and vapor counterflow

at U ¼ 0:1 m/s. The ensuing vapor motion along the

heated surface increased CHF slightly for U ¼ 0:1 m/s

compared to 0.2 m/s.

At h ¼ 270�, the overall shape of the vapor layer was
fairly similar to that at h ¼ 180� and 225�, except that no

Fig. 9. CHF variation with orientation for: (a) DTsub;o ¼ 30 �C
and (b) DTsub;o ¼ 3 �C.

Fig. 10. CHF regimes for saturated flow.
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body force was exerted normal to the heated surface. In

this vertical downflow (h ¼ 270�) configuration, the

vapor layer was stagnant at U ¼ 0:1 m/s and moved

concurrently with the liquid for 0.2 m/s. At U ¼ 0:5 m/s,

the vapor layer interface became highly disturbed and

bubbles were observed forming in a small liquid mass at

the heated surface in a predominantly separated con-

current vapor flow pattern.

Several empirical relations as well as semi-empirical

and theoretical models have been proposed for CHF

determination in both pool and flow boiling situations.

In this study, predictions from several of those were

compared to the saturated CHF data, which showed the

greatest sensitivity to orientation, especially for low ve-

locities. Five such correlations and models were exam-

ined (see Table 1): (a) pool boiling (Zuber et al. [8]), (b)

flooding (Negat [18]), (c) empirical CHF correlation

(Katto and Kurata [20]), (d) semi-empirical CHF model

(Mudawar and Maddox [3]) developed for subcooled

flow boiling of FC-72, and (e) CHF model for near-

saturated flow boiling by Sturgis and Mudawar [21,22],

based on the original wavy interface model by Galloway

and Mudawar [4,5] illustrated in Fig. 1.

Fig. 11a compares predictions based on all the above

correlations and models to the saturated CHF data be-

longing to the wavy vapor layer regime only, as indi-

cated in Fig. 10. The correlation by Mudawar and

Maddox [3] seems to set a lower bound for the CHF

data. The Katto and Kurata [20] predictions fall below

the data but approach the predictions of the Mudawar

and Maddox correlation at higher velocities. The wavy

vapor layer model by Sturgis and Mudawar [21,22]

falls well within the data range for all velocities. CHF

in this model was developed for a horizontal channel,

so gravity was not accounted for. This model is based on

the hypothesis of interfacial separation of vapor layer

wave troughs as a result of intense boiling in these liquid

contact regions. The data scatter around the model

predictions is indeed the result of gravity (i.e. orienta-

tion) effects, but these effects appear relatively weak for

upflow and upward-facing orientations, as well as for

relatively high velocity downflow and downward-facing

orientations.

Fig. 11b shows all remaining saturated CHF data

corresponding to the pool boiling, stratification, vapor

stagnation, vapor counterflow, and separated vapor

Table 1

CHF correlations and models

Flooding (Nejat [18], based on Wallis [19])

q00m ¼ 0:36
L
Dh

� �0:1 A
Aw

� �
qghfg

ðqf � qgÞgDh

qg

" #1=2
1

"
þ

qg

qf

� �1=4
#�2

Developed for closed-end vertical tube; validated for water, carbon tetrachloride, ethyl alcohol, and normal hexane

Pool boiling (Zuber et al. [8])

q00m ¼ 0:131qghfg
rgðqf � qgÞ

q2
g

" #1=4
1

8<
: þ 5:32

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kfqfcpf

p
qghfg

grðqf � qgÞ
q2
g

" #1=8
gðqf � qgÞ

r


 �1=4
DTsub

9=
;

Developed for infinite horizontal surfaces; validated for water, benzene, ethanol, pentane, heptane, and propane for saturated

boiling, and for water and ethyl alcohol for subcooled boiling

Flow boiling CHF correlation (Katto and Kurata [20])

q00m ¼ 0:186qfUhfg
qg

qf

� �0:559 r
qfU 2L

� �0:264

Valid for saturated flow boiling from a flat surface; validated for water and R-113

Semi-empirical flow boiling CHF model (Mudawar and Maddox [3])

q00m ¼ 0:161qgUhfg
qf

qg

 !15=23

r
qfU 2L

� �8=23 L
Dh

� �1=23

1

�
þ cpfDTsub

hfg

�7=23

1

 
þ 0:021

qfcpfDTsub
qghfg

!16=23

Developed for flow boiling from a flat surface in a rectangular channel; validated for FC-72

Wavy vapor layer separation CHF model (Sturgis and Mudawar [21,22] based on original model by Galloway and Mudawar

[4,5])

Developed for near-saturated flow boiling from a long heated surface in a rectangular channel; validated for FC-72
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concurrent flow regimes. Because of the added benefit of

fluid motion, the pool boiling regime data are above the

Zuber et al. [8] correlation developed originally for pool

boiling from an infinite horizontal surface. The combi-

nation of inclined upflow and upward-facing heater

surface at the 45� orientation produced the largest CHF

values within the pool boiling regime. All remaining

data corresponding to the stratification, vapor stagna-

tion, vapor counterflow, and separated vapor concur-

rent flow regimes are considerably lower than the Zuber

et al. limit, but more accurately predicted by the flood-

ing criterion.

Fig. 12 shows all the subcooled CHF data are well

distributed around the predictions of the Mudawar and

Maddox [3] correlation, which was constructed for

subcooled flow boiling of FC-72.

Fig. 11. Comparison of saturated CHF data with predictions of previous correlations and models. (a) Wavy vapor layer regime data.

(b) Data corresponding to pool boiling, stratification, vapor stagnation, vapor counterflow, and separated concurrent vapor flow

regimes.
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6. Conclusions

This study explored the effects of orientation on flow

boiling CHF at saturated and subcooled conditions.

Experiments were performed with coolant in vertical and

inclined upflow and downflow, as well as horizontal flow,

and with the heated surface facing upward or downward

with respected to gravity. High-speed video imaging was

also used to capture the vapor behavior at CHF) to help

identify the CHF mechanism for each set of operating

conditions. Key findings from this study are as follows:

(1) CHF is very sensitive to orientation for flow ve-

locities below 0.2 m/s and saturated flow. The effects of

orientation become much weaker for velocities in excess

of 0.5 m/s for both saturated and subcooled flow. In-

creasing the subcooling serves to dampen the effects of

flow orientation.

(2) At low velocities, especially for saturated flow,

CHF values for downflow and downward-facing heated

surface are much smaller than for upflow and upward-

facing surface orientations.

(3) For near-saturated flow, the vapor layer charac-

teristics fall into six different regimes: wavy vapor layer,

pool-boiling, stratification, vapor stagnation, vapor

counterflow, and vapor concurrent flow. The wavy vapor

layer regime encompasses all subcooled, as well as high-

velocity saturated conditions at all orientations, as well

as low-velocity upflow orientations. Saturated data fall-

ing into this regime are well predicted by the Sturgis and

Mudawar [21,22] model, while the subcooled data are

better predicted by the Mudawar and Maddox [3] semi-

empirical model. The low velocity, near-saturated

upward-facing heater data are underpredicted by the

Zuber et al. Model [8]. All remaining stratification, vapor

stagnation, vapor counterflow, and vapor concurrent

flow data seem closely related to flooding.

(4) The vast differences between the vapor layer

characteristics corresponding to different CHF regimes

suggest efforts to develop a single universal CHF model

for all velocities, subcoolings, and orientations should be

avoided. Future work should focus more on further re-

finement of existing models or correlations that are

better suited for a particular CHF regime.

(5) The combination of low velocity and near-satu-

rated flow in future space systems carries the risk of

producing small CHF values in reduced gravity. Inves-

tigation of flow boiling CHF in reduced gravity is

therefore very crucial to the safety and reliability of fu-

ture space thermal management loops.
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