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a b s t r a c t 

This study examines the critical heat flux data obtained during the “Flow Boiling and Condensation Ex- 

periment (FBCE)” which was launched to the International Space Station (ISS) in August 2021. The overar- 

ching goals of FBCE are to obtain flow boiling and flow condensation data in high quality, long-duration 

microgravity, and investigate gravitational effects on two-phase flow physics. The first stage of FBCE com- 

pleted features the Flow Boiling Module (FBM), which collected flow boiling heat transfer data and flow 

visualization images in a highly accurate and steady microgravity environment from February 2022 un- 

til July 2022. Flow boiling experiments were performed with subcooled inlet of n-Perfluorohexane in a 

rectangular channel of dimensions 114.6-mm heated length, 2.5-mm heated width, and 5.0-mm height 

with either one or two, opposite, heated walls. The long-duration microgravity database encompasses a 

broad range of operating conditions: mass velocity of 199 – 3200 kg/m 

2 s, inlet subcooling of 2.6 – 45.6 °C, 

and inlet pressure of 124.8 – 176.7 kPa. Image sequences leading up to and at CHF are presented to both 

illustrate the physical mechanism triggering CHF and explain the experimental trends observed in mi- 

crogravity. Experimental results show CHF is strongly dependent on mass velocity and higher degrees of 

inlet subcooling, but less dependent on inlet pressure in the tested ranges. Examination of the relation- 

ships and parametric trends between dimensionless groups governing CHF reinforces conventional trends 

and reveals, for subcooled CHF, a dependence of Boiling number at CHF on outlet thermodynamic equi- 

librium quality. Comparison of the new microgravity CHF data with Earth-gravity CHF data reveals, for 

single-sided heating, CHF in microgravity is degraded up to ∼38% at low mass velocity, with diminishing 

differences as mass velocity is increased, and for double-sided heating, less significant differences in CHF 

between the two gravitational environments. Experimental data are compared to predictions of various 

flow boiling CHF correlations which previously demonstrated their merit, and the most suitable one for 

the entire database is recommended. Flow visualization reveals a wavy vapor layer with wetting fronts 

described in the Interfacial Lift-off Model , which is used to predict CHF values with good accuracy. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

.1. Two-phase systems in future space missions 

Thermal management is a crucial component in the design of 

ny heat dissipating system. In certain high heat flux applica- 

ions prevalent in the computing, medical, transportation, energy, 

erospace, and defense industries, two-phase thermal management 
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ystems offer sufficient cooling where conventional single-phase 

ystems are inadequate. This is owed to two-phase systems tak- 

ng advantage of the fluids’ latent heat, while single-phase sys- 

ems solely rely on sensible heat. Two-phase systems are config- 

red into numerous schemes, including capillary flows, evaporat- 

ng falling films, pool boiling, channel flow boiling, jet impinge- 

ent boiling, and spray cooling. Flexibility in design coupled with 

arger heat dissipation rates allows engineers to minimize the size 

nd weight of thermal management systems, which is a premium 

n many applications. Specifically, two-phase thermal management 

ystems have been tapped to play a crucial role in future space 

issions. A recent NASA technical report [1] cites boiling systems 
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2023.124296&domain=pdf
mailto:mudawar@ecn.purdue.edu
https://engineering.purdue.edu/BTPFL
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124296


I. Mudawar, S.J. Darges and V.S. Devahdhanush International Journal of Heat and Mass Transfer 213 (2023) 124296 

t

a

c

t

p

o

e

l

c

s

m

a

i

Nomenclature 

A c channel cross-sectional area, [m 

2 ] 

b ratio of wetting front length to wavelength 

Bd θ orientation-specific Bond number, 

g cos θ ( ρ f − ρg ) D 

2 /σ
Bo Boiling number at CHF, q ′′ CHF / ( G h f g ) 

C constant 

c wave speed, [m/s] 

D diameter, [m] 

D e equivalent heated diameter, 4 A c / P h [m] 

D h hydraulic diameter, [m] 

f friction factor 

Fr θ orientation-specific Froude number, G 

2 / ( ρ2 
f 
g sin θD ) 

G mass velocity, [kg/m 

2 s] 

g gravitational acceleration, [m/s 2 ] 

g e gravitational acceleration on Earth, [m/s 2 ] 

μg e microgravity, [m/s 2 ] 

H height of channel, [m] 

h enthalpy, [J/kg] 

h fg latent heat of vaporization, [J/kg] 

�h sub h f - h b , [J/kg] 

k wave number, [1/m]; thermal conductivity, [W/m-K] 

L length, [m] 

˙ m mass flow rate [kg/s] 

N number of data points 

P perimeter, [m] 

p pressure, [Pa] 

p r reduced pressure 

q" heat flux, [W/cm 

2 ] 

q" CHF critical heat flux, [W/cm 

2 ] 

Re fo Reynolds number, GD / μ f 

Re k Phase Reynolds number 

T temperature, [ °C] 

�T sub fluid subcooling, T sat – T f , [ °C] 

t time, [s] 

u mean phase velocity, [m/s]; velocity, [m/s] 

W width of channel, [m] 

We D Weber number based on channel diameter, 

G 

2 D / ( ρ f σ ) 

We L Weber number based on channel heated length, 

G 

2 L h / ( ρ f σ ) 

x flow quality 

x e thermodynamic equilibrium quality 

y coordinate normal to interface, [m] 

z streamwise coordinate, [m] 

z o streamwise location where vapor velocity just ex- 

ceeds liquid velocity, [m] 

z ∗ streamwise location for determining vapor layer 

thickness and critical wavelength, [m] 

Greek symbols 

α void fraction 

δ mean vapor layer thickness, [m] 

ε heat utility ratio 

η interfacial perturbation 

θ orientation angle of channel [ °] 
λ wavelength, [m] 

μ dynamic viscosity, [kg/m-s] 

ξ 30 percentage of datapoints predicted within ±30% 

ξ 50 percentage of datapoints predicted within ±50% 

ρ density, [kg/m 

3 ] 

ρ" modified density, [kg/m 

3 ] 

σ surface tension, [N/m] 
E

2

τ shear stress, [Pa] 

Subscripts 

a corresponding to heated wall 1 or 2 ( = 1 or 2) 

b local bulk liquid 

c critical 

d development 

D e calculated D = D e 

e exit 

exp experimental 

f saturated liquid; bulk fluid 

g saturated vapor 

h heated 

i interfacial 

in inlet 

k either liquid ( f ) or vapor ( g ) 

out outlet 

pred predicted 

s solid 

sat saturation 

sub subcooling 

tc substrate thermocouple 

w wall 

wa heated wall ( = w 1 or w 2) 

z local 

Acronyms 

BHM Bulk Heater Module 

CHF Critical Heat Flux 

CHF– Prior to CHF 

CHF + After CHF 

FBCE Flow Boiling and Condensation Experiment 

DC Direct Current 

FBM Flow Boiling Module 

FIR Fluid Integrated Rack 

FSML Fluids System Module – Lower 

FSMU Fluids System Module – Upper 

ISS International Space Station 

ITCS ISS Thermal Control System 

MAE Mean Absolute Error (%) 

MST Mission Sequence Testing 

nPFH n-Perfluorohexane 

ONB Onset of Nucleate Boiling 

RDAQM1 Remote Data Acquisition Module 1 

RDAQM2 Remote Data Acquisition Module 2 

RMSE Root Mean Square Error (%) 

RTD Resistance Temperature Detector 

TMA Test Module Assembly 

VES Vacuum Exhaust System 

o be vital in the safe operation of onboard life support systems, 

vionics, Rankine power systems, and high-power-density energy 

onversion equipment. Eventually, these augmentations will aid in 

he commercialization of the Earth and Moon space domain, trans- 

ortation of humans to Mars, and development of human habitats 

n the Moon and Mars. Complementary to boiling, condensation is 

qually poised to support future space missions, with any closed 

oop thermal management, vapor compression, or Rankine power 

ycle requiring condensation to return the working fluid back to 

ingle-phase liquid. 

A daunting task in implementing two-phase systems for space 

issions is confidently predicting their performance to ensure safe 

nd successful operation. As shown in Fig. 1 , a wide range of g 

s experienced in aerospace applications, where deviations from 

arth gravity (1g e ) render two-phase-system design tools based 
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Fig. 1. Range of gravities important to study of two-phase flow and heat transfer in space and aircraft applications. 
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n terrestrial experiments and databases unreliable. The magni- 

ude of body force has a strong influence on flow regime, pressure 

rop, and heat transfer performance. Hence, it is imperative for 

esearchers to develop databases, correlations, theoretical models, 

nd computational tools based on reliable reduced gravity experi- 

ents [2] . Alternatively, operation in a gravity independent regime 

an be achieved for both flow boiling and flow condensation (for 

xample, criteria for gravity-independent operation of flow boiling 

s proposed in [3] and flow condensation in [4] ), in which con- 

entional methods would be sufficient in predicting system perfor- 

ance, but may not be achievable for every application. 

.2. Review of boiling experiments in microgravity 

.2.1. Boiling experiments in short durations of microgravity – prior 

o year 20 0 0 

Investigating the heat transfer performance and interfacial be- 

avior of boiling in microgravity ( μg e ) has become a top priority 

or many researchers. In most studies, short duration μg e data for 

ither pool or flow boiling is obtained via drop towers, sounding 

ockets, or parabolic flights. 

Oka et al . [5] investigated pool boiling of n-pentane onboard a 

arabolic flight. They observed four separate regimes in μg e , com- 

ared to only three in terrestrial gravity. The first regime in both 

nvironments was a single-phase regime with no bubbles followed 

y an isolated bubble regime. In μg e , bubbles remained attached 

o the heated surface as opposed to rapid bubble departure ob- 

erved in 1g e . The next regime featured prominent bubble coales- 

ence and growth. This occurred at the heated wall in μg e , causing 

ubbles to expand into the subcooled liquid where interfacial con- 

ensation occurred. In 1g e , rapid departure of bubbles from neigh- 

oring nucleation sites led to coalescence away from the heated 

all. A fourth regime was observed unique to μg e , featuring va- 

or slugs covering the heated surface. At high heat fluxes, inertia- 

nduced bubble departure occurred as bubbles rapidly coalesced. 

verall, the differences in bubble behavior led to moderate heat 

ransfer coefficients in μg e compared to terrestrial experiments. 

Onboard a parabolic flight, Saito et al. [6] examined flow boiling 

f water over a horizontal heated rod in a square channel. Com- 

ared to ground data, bubble detachment was significantly less in 
3 
g e , which resulted in vapor surrounding the rod downstream. Dif- 

erences were more pronounced at low flow rates and high heat 

uxes. However, they found significant differences in flow regimes 

etween μg e and 1g e produced only minor differences in heat 

ransfer coefficient. 

Ohta [7] considered both flow boiling of R-113 through a glass 

ube coated with a thin gold film, and pool boiling of water and 

thanol over a transparent sapphire glass plate during parabolic 

ights. During their flow boiling experiment, heat transfer of nu- 

leate boiling in low-quality bubbly flow is consistent between 1g e 
nd μg e at all mass velocities. Larger bubble diameters in μg e led to 

 lower-quality transition to annular flow. For moderate-quality an- 

ular flows, nucleate boiling is suppressed, and heat transfer is de- 

eriorated in μg e . However, at sufficiently high heat fluxes, nucleate 

oiling was observed in the liquid film, eliminating discrepancies 

ue to gravity. High quality annular flows, even at low heat fluxes, 

ere less influenced by gravity as shear forces became dominant. 

ritical heat flux (CHF) experienced as dryout at high qualities was 

ound to be similar in μg e and 1g e . In pool boiling, a large, coa-

esced bubble was observed above the heated wall with a liquid 

ayer buffer between it and the heated surface. They noted the 

ominant mechanism of heat transfer to be evaporation of a liq- 

id layer that remained below bubbles within the buffer layer. Lo- 

al heat transfer coefficients could be greater or lesser than those 

n 1g e depending on whether dryout patches form in the liquid 

ayer or not, but averaged heat transfer coefficients were found to 

e insensitive to gravity. The observed detachment of bubbles from 

he heated wall was attributed to a relatively weak level of μg e on 

he order of g e × 10 −2 . Similarly, in their μg e pool boiling experi- 

ents of ethanol over a transparent sapphire glass plate onboard 

 sounding rocket, Ohta et al . [8] observed conflicting trends of 

eat transfer coefficient, depending on vapor accumulation at the 

eated surface. Steady-state nucleate boiling was established only 

or low heat flux and high subcooling, while other conditions pro- 

uced large amounts of vapor and resulted in CHF. 

.2.2. Boiling experiments in short durations of microgravity –

etween years 20 0 0 and 2018 

Ma and Chung [9] achieved μg e via drop tower and studied flow 

oiling of FC-72 over a platinum wire. CHF was reported to be sig- 
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ificantly lower in μg e than 1g e at low flow rates. However, with 

ufficiently high flow rates, forced convection mitigated the influ- 

nce of gravity. Similar trends were visually observed, and bub- 

le behavior drastically differed between μg e than 1g e at low flow 

ates. As surface temperatures increased, bubbles coalesced along 

he wire in μg e , while rapidly detaching in 1g e . 

Zhang et al . [10] performed flow boiling experiments in a rect- 

ngular channel with FC-72 during parabolic flights. They inves- 

igated the formation and behavior of vapor in the channel lead- 

ng up to CHF. Near CHF, a wavy vapor layer developed and slid 

long the wall, with little to no bubble detachment occurring. The 

uthors noted that increasing either subcooling or flow rate de- 

reased the thickness of the vapor layer. At low flow rates, q" CHF 

n μg e was significantly lower than horizontal flow in 1g e , where 

ubble detachment is abundant. At high flow rates, flow patterns 

n μg e aligned with those in ground experiments, resulting in sim- 

lar q" CHF . This was elaborated in a two-part study by Konishi et al .

 11 , 12 ], who used a rectangular channel with two opposite heated

alls to perform flow boiling experiments with FC-72 during a 

arabolic flight. They also observed the formation of a wavy vapor 

ayer along their heated walls, except at the combination of the 

owest heat flux and flow rate, which produced bubbly flow. Upon 

ntering the μg e period of the parabola, heat transfer performance 

as degraded. The mean thickness of the vapor layer increased 

ith increasing heat flux but decreased with increasing flow rate. 

pproaching CHF, the vapor layers from opposite walls grew large 

nough to merge in the downstream part of the channel, but inde- 

endent wavy vapor layers remained on each wall upstream. 

Xue et al. [13] studied pool boiling of FC-72 on a 1-cm 

2 silicon 

hip during a drop tower experiment. Experiments were initial- 

zed by achieving steady-state boiling in 1g e where rapid bubble 

eparture was observed. Upon entering μg e , departure frequency 

ecreased, and bubbles grew larger before detaching. At low heat 

uxes, the surface temperatures remained nearly constant and heat 

ransfer performance was not impacted by transitioning to low 

ravity. They hypothesized that the temperature gradient along the 

ubble interface invokes a thermocapillary flow that promotes liq- 

id replenishment at the heated wall and allows for steady-state 

ucleate boiling. Increasing the heat flux resulted in the forma- 

ion of a larger bubble whose boundary layer promoted the growth 

nd coalescence of smaller bubbles. As bubbles slid along the wall 

nd coalesced, the generated momentum caused the large bub- 

les to detach from the heated surface. Bubble coalescence re- 

ulted in a large bubble covering most of the surface, resulting in 

egraded heat transfer performance and CHF in μg e . Wang et al . 

14] later performed similar experiments utilizing a 2-cm 

2 silicon 

hip to investigate the impact of heater size. They observed simi- 

arity in trends between the two heaters in different gravities and 

eat transfer performance in the nucleate boiling regime to dete- 

iorate with increasing heater size in both 1g e and μg e . However, 

t high heat fluxes, different bubble behavior and heat transfer 

echanisms were observed for the two chips after entering μg e . 

 hemispherical bubble was present over the 1-cm 

2 chip, while 

n oblate vapor blanket formed on the 2-cm 

2 chip. This behav- 

or validated their speculation that boiling was dominated by sur- 

ace tension and buoyancy. Surface-tension-dominated boiling can 

lso be considered heater-size dependent and is typically present 

or small heaters or low gravity conditions, whereas buoyancy- 

ominated boiling is independent of heater size and is exhibited 

y large heaters or high gravity conditions [15] . This resulted in 

" CHF being ∼20% higher for the larger heater. 

Brutin et al. [16] focused on gravity’s effects on void fraction, 

rictional pressure drop, and heat transfer during their parabolic 

ight experiments of flow boiling of HFE-7100 in a vertical Inconel 

ini-channel. Bubbles were found to grow quicker and larger in 

g e than hypergravity. They inferred bubble growth rate to be in- 
4 
ersely related to bubble rise velocity in the channel. During ver- 

ical upflow, hypergravity resulted in faster-rising slower-growing 

ubbles compared to in μg e . Larger bubbles in μg e resulted in thin- 

er liquid films near the wall and smaller effective liquid cross sec- 

ions, which respectively yielded more efficient heat transfer and 

ower frictional pressure drops. 

Onboard a suborbital rocket, Souza et al. [17] examined pool 

oiling of n-pentane on a downward-facing copper disk. They per- 

ormed 1g e and μg e experiments with and without heater confine- 

ent. The effects of confinement were tested by creating a 0.3-mm 

arrow gap between the downward-facing heated surface and the 

pposite adiabatic wall. For the unconfined case, heat transfer co- 

fficient was higher in μg e than 1g e . Due to their heater orienta- 

ion, the buoyancy forces present in 1g e prevented bubble detach- 

ent resulting in relatively low heat transfer coefficients compared 

o μg e . To the contrary, heat transfer was degraded in μg e for the

onfined case, where cooling was inhibited by the confinement of 

he relatively large bubble size forming dry patches on the heated 

urface. 

Narcy et al . [18] performed flow boiling experiments of HFE- 

0 0 0 in a sapphire tube during parabolic flights. In subcooled flow 

oiling, bubbles grew larger and detached less frequently in μg e , 

esulting in lower heat transfer coefficient. However, at higher flow 

ates, differences between 1g e and μg e lessened. As quality in- 

reased, flow transitioned to slug and eventually annular, however 

he transitions occurred at lower qualities in μg e than 1g e . Dur- 

ng annular flow, thinner liquid films were observed in μg e . Despite 

his, heat transfer coefficients were found to be similar in 1g e and 

g e , owing to the dominance of shear forces. 

.2.3. Boiling experiments in short durations of microgravity – year 

018 and later 

Zhang et al . [19] studied flow boiling of FC-72 with a constant 

nlet velocity of u in = 0.5 m/s and heat fluxes of 7.2, 11.5, 13.3, 

8.2, and 21.3 W/cm 

2 during free fall in a drop tower. After en- 

ering μg e , heat transfer was slightly enhanced for heat fluxes of 

3.3 W/cm 

2 and lower, with increased bubble growth and coales- 

ence. At a higher heat flux of 18.2 W/cm 

2 , increased bubble pro- 

uction and coalescence in μg e resulted in large patches of vapor 

ownstream on the heated wall. However, wall temperatures only 

lightly increased as liquid inertia advected the vapor patches out 

f the channel. At the highest heat flux of 21.3 W/cm 

2 , steady-state 

oiling was established in 1g e , but wall temperatures quickly esca- 

ated, and a vapor layer covered the entire wall in μg e , indicating 

HF occurred. 

Pool boiling of HFE-7500 and water was studied in μg e via 

 drop tower by Yang et al. [20] . While both fluids experienced 

reater coalescence in μg e , different mechanisms were observed. 

or HFE-7500, which has a smaller contact angle than water, bub- 

les were observed to migrate along the heater and absorb smaller 

ubbles. This resulted in relatively quick vapor growth. Water, on 

he other hand, produced large, stationary bubbles which remained 

t their nucleation sites. A single large bubble was observed at the 

enter of the heater as bubbles merged. 

Lebon et al . [21] studied flow boiling of HFE-70 0 0 in both verti-

al upflow and downflow on a parabolic flight. Data was collected 

hroughout the entire parabola and at different orientations to cap- 

ure gravitational accelerations ranging from −1.8g e to 1.8g e , allow- 

ng the authors to analyze the effects of gravity on flow boiling. 

oticeable features in μg e included decreased slip velocity, less fre- 

uent bubble detachment, and less turbulent mixing. These cou- 

led effects resulted in a reduction in bubbly-flow heat transfer 

ompared to other gravities. One exception was when nucleate 

oiling occurred in μg e and single-phase flow was present at other 

ravity levels. This was attributed to the rapid growth of the ther- 

al boundary layer in μg e and resulted in superior heat transfer. 
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imilarly, Iceri et al. [22] examined vertical upflow boiling of FC-72 

uring a parabolic flight and compared their results from different 

hases of the parabolas. In general, they found bubbles in μg e to be 

ewer, larger, and more circular compared to vertical upflow in 1g e 
nd hypergravity. They attributed this to the dominance of surface 

ension particularly at low flow rates. In the annular flow regime, 

g e featured the thickest liquid film and lowest heat transfer coef- 

cients. In 1g e and hypergravity, convective effects were enhanced 

y buoyancy increasing the drift velocity. 

Liu et al. [23] compared the CHF of FC-72 flow boiling in a rect-

ngular channel during a drop tower experiment to ground data at 

ifferent orientations. They found CHF in μg e to be consistently be- 

ween CHF with the channel oriented at 135 ° and 315 ° in 1g e and 

roposed these values be used as bounds when predicting μg e CHF. 

.2.4. Advantages and limitations of different microgravity 

xperimental methods 

The aforementioned experiments employed standard, cost- 

ffective techniques to produce short duration periods of μg e dur- 

ng which valuable data shedding light on the physics of μg e 
oiling are obtained. However, each method is accompanied with 

nique issues. Drop tower experiments provide a high quality of 

g e but may struggle to reach steady state due to their relatively 

hort duration of μg e [24] . Sounding rockets and parabolic flight 

ata are prone to small oscillations in the observed level of gravity 

nown as g-jitter, degrading the quality of μg e [25] . In some cases, 

-jitter may artificially enhance heat transfer in μg e by causing 

ontinuous deformation of bubble shape provoking flow around 

he bubble [26] . Ideally, long-duration μg e experiments with sta- 

le values of low gravity performed in space will be used to verify 

ata collected and corresponding predictive tools developed during 

hort duration experiments. In the past, some researchers relied 

n either space shuttles or recoverable satellites to collect long- 

uration μg e boiling data. Additionally, the International Space Sta- 

ion (ISS) has been identified as a prime venue to collect high qual- 

ty μg e data [27] . However, large financial costs, long-term time 

ommitments, and limited resources, such as power and physical 

pace, onboard spacecrafts act as barriers to performing such ex- 

eriments, resulting in relatively few opportunities. 

.2.5. Boiling experiments in long durations of high-quality 

icrogravity 

Lee et al. [28] studied pool boiling of R-113 for different com- 

inations of heat flux and subcooling on a NASA space shuttle. 

teady nucleate boiling was achieved, and heat transfer enhanced 

y the following process: vapor bubbles attached to the heater 

row via evaporation and coalescence provoking motion of other 

earby bubbles; bubble motion causes a single, relatively large 

ubble to lift-off the wall and hover above the surface; this bub- 

le acts a vapor reservoir and continues to absorb other ejected 

ubbles; after vapor is absorbed into the reservoir, surface rewet- 

ing occurs, and new bubbles are formed. However, CHF occurred 

t significantly lower heat fluxes than in 1g e . 

Onboard a Chinese recoverable satellite, Zhao et al. [29] tested 

ool boiling of R-113 on a thin platinum wire. In their experiments, 

hey found the superheat required for the onset of nucleate boil- 

ng (ONB) has a weak dependence on gravity. After ONB, a large 

mount of vapor was quickly generated. Eventually a large bubble 

ormed and occupied a significant portion of the wire, deteriorat- 

ng heat transfer in μg e . Bubble coalescence induced oscillations of 

ther nearby bubbles, which in turn provoked bubble detachment. 

n the discrete bubbly regime, behavior could be demarcated by 3 

ritical-bubble-diameter values: many small bubbles with diame- 

ers less than 0.3 mm would form and depart from the wire; bub- 

les that were able to exceed this diameter would grow to a size 
5 
etween 3.5 and 6.6 mm; these bubbles were observed to oscil- 

ate along the wire and eventually coalesce; once a bubble that 

xceeds 8.4 mm is formed, it also departs from the wire. In ter- 

estrial experiments, only the tiny bubbles were observed as buoy- 

ncy causes them to depart before they can grow larger. On an- 

ther satellite, Zhao et al. [30] observed pool boiling of FC-72 on a 

at plate during quasi-steady heating in which the voltage of the 

eater increased exponentially with time. They developed boiling 

urves for different subcoolings and pressures in μg e and found 

HF to be inferior compared to that in 1g e . In general, both heat 

ransfer coefficient and CHF increased with subcooling and pres- 

ure, agreeing with the trends seen in terrestrial experiments. At 

igh subcooling, a relatively small bubble with a smooth interface 

ccupies a large fraction of but not the entire heater. This results 

n a special region in which nucleate boiling and dryout coexist, 

ubduing an abrupt transition to film boiling. The size of the coa- 

esced bubble increased with decreasing subcooling due to dimin- 

shed condensation effects. Heat transfer will continue to increase 

nd surface temperatures slowly rise until CHF is reached and va- 

or occupies the entire heater. 

Raj et al. [26] performed over 200 pool boiling experiments of 

-Perfluorohexane (nPFH), onboard the ISS as part of the Micro- 

eater Array Boiling Experiment (MABE) and investigated the ef- 

ects of gravity, heater size, superheat, subcooling, and pressure 

n μg e . ONB occurred at lower superheats resulting in larger heat 

uxes at these superheats compared to 1g e . Overall, increasing 

ubcooling and pressure resulted in enhanced heat transfer, with 

reater sensitivity than in 1g e . This was the result of bubbles grow- 

ng to sizes that cover the entire heater preventing further nucle- 

tion. They found trends with respect to heater size to match those 

n 1g e . Generally, surface-tension-dominated boiling exists in μg e 
nd is dependent on the heater size. 

Pool boiling of nPFH onboard the ISS was performed during 

he Nucleate Pool Boiling eXperiment (NPBX) [31] and consisted 

f two types of tests. One, focusing on the dynamics of a single 

r few bubbles and the other, integral tests examining paramet- 

ic trends of the boiling curve. They observed, unlike in terrestrial 

ravity, bubbles remained on the heated surface and moved later- 

lly, merged, and formed a large bubble at the center of the heater. 

ther smaller bubbles moved radially inward towards the central 

ubble, generating motion of smaller bubbles and liquid. At high 

uperheats, this large bubble existed on or just above the heated 

urface and acted as a vapor sink, absorbing smaller bubbles. How- 

ver, the established steady nucleate boiling in μg e , as well as CHF, 

as found to be significantly lower than in 1g e . 

Researchers in conjunction with the Japanese Aerospace Explo- 

ation Agency (JAXA), have outlined flow boiling experiments with 

PFH through copper and heated glass tubes onboard the ISS [32] . 

hese test sections coupled with an adiabatic transparent section 

ownstream allow for the acquisition of heat transfer and CHF data 

ith simultaneous observation of interfacial behaviors. Later pa- 

ers have detailed heat loss analysis being performed to accurately 

etermined inlet conditions for both single-phase [33] and two- 

hase inlet [34] . 

.3. Critical heat flux for flow boiling 

CHF is the transition point from the nucleate boiling to film 

oiling regime. In the nucleate boiling regime, the primary mech- 

nism of heat transfer is bubble nucleation at the heated wall, 

eaturing relatively low and uniform wall temperatures while vast 

uantities of heat are removed from the surface. On the other 

and, the film boiling regime consists of a vapor layer between 

he heated surface and bulk liquid, shifting the heat transfer mech- 

nism from nucleate boiling at the wall to evaporation at the 

iquid-vapor interface. The presence of vapor, which possesses 
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Fig. 2. Schematic diagram of two-phase flow loop used for flow boiling experiments. 
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ignificantly lower thermal conductivity than liquid, adjacent to 

he heated wall requires substantially higher wall temperatures 

o meet heat dissipation requirements than in the nucleate boil- 

ng regime. The abrupt shift from nucleate boiling to film boiling 

auses a simultaneous degradation in heat transfer coefficient and 

 sharp escalation in wall temperatures. This potentially becomes 

atastrophic if wall temperatures exceed safety limits resulting in 

verheating, burnout, or system failure. Hence, CHF is treated as 

rguably the most crucial parameter for any heat-flux-controlled 

hermal management system. 

The prediction of CHF is handled through two primary av- 

nues. First is the use of correlations consisting of empirical con- 

tants that aid in limiting the error with regards to the respective 

atabases used for their development. Such correlations are typ- 

cally simple and provide quick results but are designed for use 

ith specific fluids, operating conditions, and flow geometries. Ex- 

rapolating correlations to unverified operating conditions could 

ield unreliable results. Some researchers have pursued the devel- 

pment of generalized or universal correlations [ 35 , 36 ] which are 

eveloped from sizeable consolidated databases and have shown 

he versatility to tackle a vast range of operating conditions. How- 

ver robust these correlations may be, limitations in recommended 

perating conditions exist which render them unreliable or unus- 

ble in certain situations. 

Alternatively, meticulous observations of CHF have led to the 

evelopment of analytical models which are based on the phys- 

cal mechanism occurring at CHF and require few empirical con- 

tants to obtain closure. One of the earliest-developed models is 

he Boundary Layer Separation Model by Kutateladze and Leont’ev 

37] . They hypothesized production of vapor at the heated wall was 

imilar to gas injection into a liquid boundary layer. As the velocity 

f gas increases to a critical value, the velocity gradient approaches 

ero, causing the boundary layer to separate from the wall. They 

lso hypothesized vapor production can reach a rate that prevents 

iquid from contacting the heated wall, resulting in CHF. The Bubble 

rowding Model was proposed by Weisman and Pei [38] for high- 

elocity flows in tubes. Their model assumes CHF occurs when a 

ubble layer adjacent to the heated wall reaches a critical volume 

raction. At this point, a cluster of ellipsoidal bubbles limits turbu- 
6

ent fluctuations of liquid in the subcooled core from accessing the 

all. Lee and Mudawar [39] developed the Sublayer Dryout Model 

or vertical subcooled flow boiling at high pressures and high mass 

elocities. Their model is based on observations of a vapor blan- 

et that develops and traps a thin liquid layer against the heated 

all as a result of Helmholtz instability at the interface. They de- 

ne CHF as the heat flux that evaporates the liquid sublayer and 

revents replenishment from the subcooled bulk liquid. 

.4. Objectives of present study 

The Flow Boiling and Condensation Experiment (FBCE), a collab- 

rative endeavor between the Purdue University Boiling and Two- 

hase Flow Laboratory (PU-BTPFL) and the NASA Glenn Research 

enter, was initiated in 2011 with an ultimate goal of being in- 

talled onboard the ISS and collecting long-term microgravity data. 

his study features results from the first stage of FBCE utilizing 

he Flow Boiling Module (FBM), which was launched to the ISS in 

ugust 2021 and collected data from February 2022 to July 2022. 

 unique feature of FBM is its ability to simultaneously provide 

igh-quality temperature measurements and invaluable flow visu- 

lization. The heat transfer results and interfacial flow physics for 

ubcooled inlet to the FBM onboard the ISS have already been re- 

orted and discussed in detail in [ 40 , 41 ]. 

This study is focused on the CHF datapoints and the associated 

igh-speed images obtained during long-duration microgravity ex- 

eriments. Experimental trends of CHF in microgravity are ana- 

yzed in conjunction with flow visualization to explain the para- 

etric trends with respect to mass velocity, inlet subcooling, inlet 

ressure, and heating configuration. Parametric trends of dimen- 

ionless groups related to the CHF mechanism are examined. The 

ew ISS μg e CHF data is compared to previously acquired CHF data 

or the vertical upflow orientation in 1g e . A brief correlation as- 

essment is conducted with CHF correlations which have previ- 

usly shown merit in predicting q" CHF in μg e for similar operating 

onditions. Finally, observations from flow visualization justify use 

f the Interfacial Lift-off Model , which has proven itself capable of 

redicting q" CHF for a variety of operating conditions in different 

ravitational environments. 
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Fig. 3. Fluid Integrated Rack (FIR) and integration of FBCE into it. 
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. Experimental methods 

Key aspects of the experimental methods employed during data 

ollection onboard the ISS are highlighted in this section. For com- 

rehensive details regarding the flow loop, test module construc- 

ion, instrumentation, measurement uncertainties, operating pro- 

edure, and data reduction, the reader is referred to [40] . 

.1. Two-Phase flow loop and fbce rig 

Fig. 2 contains a schematic of the closed two-phase flow 

oop that was installed on the ISS. The loop is filled with n- 

erfluorohexane (nPFH), a specific isomer of Perfluorohexane. A 

ore commonly known Perfluorohexane-based fluid is FC-72, a 

ixture of different Perfluorohexane isomers used in heat transfer 
7 
pplications such as electronics cooling [42] . Specifically, nPFH has 

een selected to handle electronics cooling and HVAC in aerospace 

pplications, due to its preferable thermal, hydrodynamic, and 

hemical properties. Additional details concerning nPFH can be 

ound in [43] . The fluid is positively displaced through the loop 

y a gear pump. Two bypass relief valves are connected in parallel 

cross the pump and are set to crack open if the pressure differ- 

ntial between the pump inlet and outlet exceeds 199.5 kPa and 

06.8 kPa. Directly downstream of the pump, a Coriolis flow me- 

er measures the flow rate and provides feedback to the pump to 

aintain the desired flow rate. The fluid then passes through a fil- 

er, before entering the preheater, called the Bulk Heater Module 

BHM). A predetermined amount of heat is provided by the BHM 

ia a set of heaters, such that, the fluid enters the FBM with the 

esired inlet conditions. The BHM is instrumented with thermo- 

ouples and Resistance Temperature Detectors (RTDs), which pro- 

ide feedback to shut the heaters down if the fluid or surface tem- 

eratures exceed 100 °C or 130 °C, respectively. The fluid enters the 

BM as a subcooled liquid, absorbs a finite amount of heat, and 

xits as either a subcooled liquid of higher temperature or a two- 

hase mixture. Heat gained within the BHM and FBM is rejected 

o a fluid-to-water heat exchanger, condensing the nPFH back to 

 subcooled liquid state. Any thermodynamic non-uniformities are 

liminated, and entrained vapor bubbles condensed as the nPFH 

asses through a static mixer, ensuring subcooled liquid entry into 

he pump. 

A T-junction located downstream of the static mixer connects 

n accumulator to the flow loop. The accumulator is comprised 

f stainless-steel bellows which contains most of the fluid on one 

ide. The other side is filled with air and its pressure and volume 

re regulated by an air pump and vent valve. Additionally, a pres- 

ure relief valve on the air side is set to crack if the pressure dif-

erential between the two sides exceeds 137.9 kPa. The accumu- 

ator acts as a reference point for system pressure and dampens 

ow loop instabilities [44] . Two parallel paths exist between the 

ccumulator T-junction and the pump inlet. One provides a direct 

oute to the pump, which is used during normal operation, while 

he other reroutes the flow through a degassing contactor, which 

s only used during degassing. The degassing contactor features a 

emi-permeable membrane with nPFH flow on one side and an ap- 

lied vacuum, supplied by the ISS’s Vacuum Exhaust System (VES), 

n the other. Degassing was regularly done prior to testing to elim- 

nate non-condensable gasses from the nPFH and ensure reliable 

ata was obtained. 

FBCE is housed within the Fluid Integrated Rack (FIR) onboard 

he ISS, featured in Fig. 3 . Additionally, the FIR contains Space 

cceleration Measurement System (SAMS), Confocal Control Unit 

CCU), Image Processing Storage Unit – Camera Link (IPSU-CL), 

nd various auxiliary systems and components identified in Fig. 3 , 

ncluding the Environmental Control System (ECS) and Electrical 

ower Control Unit (EPCU). Prior to delivery to the ISS, compo- 

ents of the flow loop are compacted into six individual FBCE 

odules and are connected to the FIR, as shown at the bottom 

f Fig. 3 . The individual modules, and their layout on the op- 

ics bench within the FIR are shown in Fig. 4 . The BHM contains

he preheater equipped with two sets (one for backup) of three 

20 V heaters and 28 V booster heater. The Fluids System Mod- 

le – Upper (FMSU) houses the degassing contactor in addition 

o the components upstream of BHM including gear pump, flow 

eter, mass flow controller, and filter. The Fluids System Module 

Lower (FSML) contains the condenser, static mixer, and accu- 

ulator. Cooling water is supplied to the condenser via the ISS 

hermal Control System (ITCS) through the FIR’s Water Interface 

anel (WIP). The components of FSML are located downstream of 

he Test Module Assembly (TMA), which denotes the FBM for the 

resent study. nPFH exits the TMA and enters the FSML, the FSMU, 
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Fig. 4. Layout of main modules of the Flow Boiling and Condensation Experiment (FBCE) on the Optics Bench of the Fluid Integrated Rack (FIR), and ISS provided hardware. 

The Optics Bench is rotated to vertical upward orientation inside the FIR during the tests. 
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nd the BHM in series, reconditioning the fluid, before entering 

he TMA again. The final two modules are Remote Data Acqui- 

ition Module 1 (RDAQM1) and Remote Data Acquisition Module 

RDAQM2). RDAQM1 and RDAQM2 respectively house the UEI data 

ubes utilized for thermocouple signal conditioning, and the UEI 

ata cube and custom-sensor-supply printed circuit board for sig- 

al conditioning of other sensor signals and power distribution. 

.2. Flow boiling module 

The FBM is constructed by clamping three transparent polycar- 

onate plates between two aluminum support plates, which aids 

gainst leaks and buckling by dispersing the bolting stress uni- 

ormly over the module. A 5.0-mm high and 2.5-mm wide flow 

hannel is milled into the middle piece of polycarbonate. As shown 

n Fig. 5 (a), the entire channel is comprised of a 327.7-mm devel- 

ping length, containing a honeycomb flow straightener to break 

p large eddies and align streamlines, a heated length formed 

y two 114.6-mm long, 15.5-mm wide, and 1.04-thick oxygen-free 

opper strips which serves as the heated walls, and a 60.7-mm exit 

ength. The construction of the heated walls is depicted in Fig. 5 (b). 

oldered to the copper strips opposite the flow channel is a set 

f six 16.4-mm long, 4.5-mm wide, 0.56-mm thick, thick-film re- 

istive heaters in series. Each resistor has a resistance of 188- , 

nd they are electrically connected in parallel to yield uniform heat 

ux across the copper strip. All other solid-solid contacts, including 

he copper strips, are made leak-proof with O-rings. 

As shown in Fig. 5 (c), thermocouples are inserted directly into 

he heated strip within the 0.9-mm gaps between consecutive 

eaters; numerical computations have shown the separation be- 

ween heaters does not impact the heat flux distribution owed to 

he high thermal conductivity of copper [45] . This heated wall de- 
8 
ign has been shown to provide fast temperature response and ac- 

urate CHF measurement [ 10 , 11 ]. 

Fig. 6 shows a CAD rendering of the FBM and all components 

ithin the FBM box (including the camera system) at the top and 

 photograph of the final assembled FBM at the bottom. 

.3. Instrumentation and measurement uncertainty 

Within the FBM, pressure is measured at five locations by abso- 

ute pressure transducers, located at the inlet and out of the mod- 

le and three locations with the development length (see Fig. 2 ). 

he inlet pressure, p in , referenced in this study corresponds to the 

ressure measurement just upstream of the heated length, and the 

utlet pressure, p out , to the pressure measurement downstream 

f the heated length. Inlet temperature, T in , and outlet tempera- 

ure, T out , of the fluid are measured by type-E thermocouples in- 

erted directly into the fluid near the FBM inlet and outlet, respec- 

ively. Type-E thermocouples measure the temperature of the cop- 

er strip at seven equidistant locations, as shown in Fig. 5 (c). Pres- 

ure and temperature are measured by pressure transducers and 

hermocouples and RTDs, respectively, at various locations along 

he loop. Additionally, a Coriolis flow meter of range 0 – 60 g/s is 

sed to measure the flow rate. 

DC Power is supplied to either one or both heating strips and 

he bulk heater. Both voltage and current are directly measured by 

DAQM2 and are used to calculate the power. As already men- 

ioned, RDAQM2 additionally collects output sensors from vari- 

us components around the loop, while RDAQM1 exclusively col- 

ects thermocouple data. An in-house FBCE flight software moni- 

ors and controls both the DAQs and all other instruments, includ- 

ng solenoid valve actuation. 

The maximum uncertainty for each measurement of absolute 

ressure, temperature (using thermocouples), temperature (using 
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Fig. 5. Schematic representations of (a) overall construction of Flow Boiling Module (FBM), (b) construction of heating strips, and (c) designation of heated walls and local 

wall temperatures. 
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TDs), FBM heater power, BHM heater power, and flow rate is 

0.7 kPa, ±0.5 °C, ±0.5 °C, ±0.3%, ±0.6%, and ±0.6%, respectively. 

pproaching CHF, finer increments in heater power are employed 

ompared to early in the boiling curve. The average increase in 

eat flux which triggered CHF is 1.1 W/cm 

2 . q" CHF is determined 

y averaging the heater power of the increment resulting in CHF 

nd the previous steady increment. This results in a CHF isolation 

rror, which is the difference between the true q" CHF and the q" w 

rovoking CHF, of 0.6 W/cm 

2 . In some cases, CHF was triggered by 

n unusually large increase in heat flux. Considering both the un- 

ertainty in measurement of FBM heater power and the isolation 

rror of CHF, the maximum uncertainty in q" CHF is 8.8%, and this 

orresponds to 4.6 W/cm 

2 for an observed q" CHF of 52.1 W/cm 

2 . 

owever, the average uncertainty in reported q" CHF is 2.2%. 
9 
.4. Operating procedure and data processing 

Aside from astronauts installing the FBCE system in the FIR, no 

n-person operation is needed, and experiments are executed re- 

otely. During off hours, the flow loop is left at a sub-atmospheric 

ressure, which could allow air to leak into the system and dis- 

olve in the nPFH. Hence, to ensure purity of the fluid, degassing 

as performed for a few hours prior to performing experiments 

ach testing day, and for longer dedicated periods when deemed 

ecessary. 

To initialize each test run, operating conditions are uploaded, 

nd the desired flow rate and pressure is set. Power is supplied to 

he BHM to achieve the desired inlet temperature or quality. Once 

teady state is detected, FBM heating is initiated by supplying DC 
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Fig. 6. Full CAD rendering and photograph of Flow Boiling Module. 
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ower to either one or both of the heating strips for either single- 

ided or double-sided heating, respectively. A duration of 120 –

80 s is allowed for steady-state data collection prior to advancing 

o the next heating increment. The first 12 increments are prede- 

ermined based on an estimated q" CHF , after which, heater power 

s finely increased by 1.25 W to accurately capture q" CHF . Heater 

ower continues to incrementally increase until CHF is detected 

y one of the FBM substrate temperatures reaching 122 °C, after 

hich FBM heaters are brought to a minimum. Fig. 7 shows an ex- 

mple of temporal records of wall temperatures and heater power 

ecorded during a typical run, from the time the FBM heaters are 

urned on until CHF. Some notable features of the curves are ONB, 

he incremental increase in wall temperatures with heater power 

very 120 s, the attainment of steady state each heat increment 

fter ONB, and heater shutdown once CHF is detected by an un- 

teady rise in wall temperature. CHF is classically defined as the 

eat flux which leads to an unsteady and uncontrollable rise in 

urface temperature at the transition to film boiling. However, for 

afety, CHF is defined as the heat flux which results in at least one 

ocal strip temperature reaching 122 °C. 

For each heat increment, the final 20 s of data are averaged to 

btain steady values. The fluid enthalpy is determined by 

 in = h | T in , p in (1) 

Thermophysical properties of nPFH are evaluated using NIST- 

EFPROP [46] . Energy balance over the FBM yields the following 

xpression for outlet enthalpy, 

 out = h in + 

q ′′ w 

P h L h 
˙ m 

, (2) 

here q" w 

is wall heat flux, ˙ m mass flow rate through FBM and 

 h heated length. P H corresponds to the heated perimeter of the 

hannel and is defined as 

 h = 

{
W, single-sided heating 

2 W, double-sided heating 
, (3) 

here W is the channel width. As detailed in [47] , the design of

BM mitigates heat loss from the module. The copper strips are 
10 
urrounded by polycarbonate, except for a thin gap where thermo- 

ouples and heater leads are connected. Heat transfer to the insu- 

ating polycarbonate and the stagnant air directly above the heater 

ould be negligibly small to that to the nPFH. This was demon- 

trated in a previous FBCE paper which extensively investigated 

eat loss [48] , albeit with a slightly different module featuring a 

lightly shorter heated length and only one heated wall. It was 

ound that the maximum heat loss from the module was 0.2% of 

he power supplied, which is within the measurement uncertainty 

f power, 0.3%. Hence, q" w 

is simply determined as the FBM heater 

ower divided by the heated area. 

Thermodynamic equilibrium quality is determined by 

 e = 

h − h f 

∣∣
p 

h f g 

∣∣
p 

, (4) 

here the inlet and outlet values are determined by setting h = h in 
nd h = h out , respectively. 

The experimental q" CHF is determined to be the average of the 

" w 

causing the substrate temperatures to exceed 122 °C and the 

" w 

of the previous steady increment. The true q" CHF will fall some- 

here between the two, creating the q" CHF isolation described in 

ection 2.4 . Other operating conditions corresponding to CHF, such 

s pressure, temperature, and flow rate, are assumed to be the 

teady operating conditions of the previous step. This is done be- 

ause flow parameters do not reach steady during the increment 

riggering CHF, and thus cannot be averaged. The range of CHF dat- 

points and corresponding operating conditions in this study are 

eported in Table 1 . Cases considered in this study are restricted to 

T sub,in ≥ 1 °C, in order to limit the influence of vapor produced by 

on-equilibrium within the bulk heater. Additionally, cases clearly 

bserved to have two-phase inlet are omitted. 

.5. Flow visualization techniques 

Optical access for high-speed video capture of the flow is per- 

itted through the polycarbonate sides of the channel. The poly- 

arbonate was vapor polished to suppress vignetting effects caused 
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Fig. 7. Temporal variations of fluid inlet, fluid outlet, and heating-strip temperatures for heat flux increments from a minimum to CHF for a typical experimental case. 

Adapted from [40] . 

Table 1 

Summary of CHF datapoints obtained with subcooled inlet conditions to the FBM’s 

heated section. 

Single-Sided Heating Double-Sided Heating 

Mass velocity, G 200.0 – 3200.0 kg/m 

2 s 199.0 – 3200.0 kg/m 

2 s 

Mass flow rate, ˙ m 2.50 – 40.00 g/s 2.49 – 40.00 g/s 

Inlet pressure, p in 124.8 – 164.2 kPa 127.6 – 176.7 kPa 

Inlet temperature, T in 23.5 – 68.9 °C 25.5 – 68.5 °C 
Inlet subcooling, �T sub,in 2.6 – 45.6 °C 4.0 – 43.7 °C 
Inlet quality, x e,in -0.61 – -0.04 -0.58 – -0.06 

Outlet pressure, p out 119.0 – 156.2 kPa 117.5 – 165.8 kPa 

Outlet temperature, T out 34.8 – 69.7 °C 43.1 – 71.8 °C 
Outlet subcooling, �T sub,out 0.00 –34.5 °C 0.00 – 20.6 °C 
Outlet quality, x e,out -0.45 – 0.09 -0.26 – 0.41 

Critical heat flux, q" CHF 10.1 – 53.9 W/cm 

2 17.3 – 48.9 W/cm 

2 

Number of data points, N 62 74 

b

s

m

i

c

t

fl

r

2

a

s

a

a  

t

t

3

h

s

”

i

t

p

v

o

n

r

y the copper heaters and O-rings within the module. The high- 

peed camera continuously records throughout the entire experi- 

ent, in anticipation of CHF occurring. At the end of each heat- 

ng increment, the latest 1.0-s of video captured prior to pro- 

eeding to the next heat increment is saved. Once CHF is de- 

ected, the latest 7.0-s of video is saved to better capture the 

ow transients leading to CHF. Images were recorded at a frame 

ate of 20 0 0 frames/s and a shutter speed of 10 μs. A F#0.95–

5 mm focal length lens was used and images were captured 

t a resolution of 2040 × 164 pixels. The other polycarbonate 

ide wall is backlit with blue light emitting diodes (LEDs), with 

n intermediate Teflon sheet serving as a light shaping diffuser 

nd is shown in the CAD rendering in Fig. 6 . Each image was

hen externally processed to enhance the visibility of flow fea- 
ures. c

11 
. Flow visualization results and discussion 

This section presents flow visualization images of the FBM’s 

eated length near CHF. Sequential images of flow patterns are 

hown approaching CHF with q" w 

> 90% q" CHF (labeled as “CHF–

) and after CHF occurs (labeled as “CHF + ”). A variety of operat- 

ng conditions are selected to provide a thorough investigation of 

he parametric effects of mass velocity, inlet subcooling, and inlet 

ressure on flow patterns around CHF in microgravity. These obser- 

ations elucidate both parametric trends and physical mechanisms 

f CHF. Time interval between consecutive images is 2 ms unless 

oted otherwise, and each set of images is accompanied by its cor- 

esponding operating conditions at CHF as described in Section 2.5 . 

Schematic representations of single- and double-sided heating 

onfigurations are shown in Fig. 8 , and all flow visualization im- 



I. Mudawar, S.J. Darges and V.S. Devahdhanush International Journal of Heat and Mass Transfer 213 (2023) 124296 

Fig. 8. Schematic representation of (a) single-sided and (b) double-sided heating configurations. 
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ges in this paper conform to this format. Flow enters from the 

ottom end of the channel at the specified inlet conditions. It is 

oted, for single-sided heating, the choice of wall influences nei- 

her the flow patterns nor the heat transfer performance [40] . A 

reliminary example of flow visualization and an outline of the 

iquid-vapor interface at CHF- and CHF + for single-sided heating 

re presented in Fig. 9 (a) and (b) respectively for relatively low 

nd high subcooling. The liquid-vapor interface is wavy as vapor 

rotruding from the heated, left wall forms the wave crests. The 

roughs of the wavy interface are comprised of gaps in the vapor 

ayer, called wetting fronts , which allow liquid to contact the heated 

all. In Fig. 9 (a), a wetting front exists halfway through the chan- 

el, and the interface touches the heated wall. Boiling that occurs 

ithin wetting fronts is hypothesized to be the primary source of 

ooling for the heated wall. In the upstream region of the channel, 

 fairly continuous vapor layer forms, albeit with some breaks as 

ndividual vapor structures in close proximity to each other begin 

o coalesce. At CHF + , once the continuous vapor layer fully ma- 

ures in the upstream portion of the channel, a continuous vapor 

ayer shields the wall from the liquid and no wetting fronts exist 

ownstream. A similar phenomenon is observed in Fig. 9 (b) at a 

igher inlet subcooling, where wetting fronts are better preserved. 

t CHF-, wetting fronts are present throughout the channel, even 

n the downstream section. However, at CHF + , wetting fronts are 

ustained in the upstream region, but lose contact in the down- 

tream portion of the channel. This phenomenon will be further 

nvestigated in the subsequent figures, featuring flow visualization 

equences at CHF- and CHF + for a variety of operating conditions. 

.1. Single-Sided heating 

.1.1. Effects of inlet subcooling for single-sided heating 

Fig. 10 presents image sequences for single-sided heating at 

n intermediate mass velocity of G = 800.0 – 805.1 kg/m 

2 s, 

nd a variety of inlet subcoolings. At the lowest subcooling of 

T sub,in = 6.0 °C, shown in Fig. 10 (a), liquid enters the channel 

nd almost immediately boils at the heated section inlet. Vapor 

ravels downstream along the heated wall, coalescing and grow- 
12 
ng until a mostly continuous vapor layer occupies the majority 

f the heated wall. At CHF-, a wetting front clearly exists in the 

pstream region of the channel and slides downstream along the 

eated wall. Wetting fronts accelerate as boiling ensues, and even- 

ually lift off the heated wall downstream due to vapor produc- 

ion preventing liquid replenishment. As wetting fronts continue to 

ift off the wall downstream, the onus of heat dissipation shifts to 

etting fronts further upstream. Occasionally wettings fronts reat- 

ach to the heated wall downstream to provide temporary cooling, 

owever they are not sustained. At CHF + , heat flux is sufficiently 

igh that wetting fronts are contained further upstream, prevent- 

ng cooling of the heated wall downstream, resulting in copper- 

trip thermocouples escalating to the experimental upper limit of 

22 °C. 

Subsequent subfigures show cases with monotonically increas- 

ng inlet subcooling. Figs. 10 (b) and (c) show image sequences with 

nlet subcooling of �T sub,in = 9.5 °C and 14.9 °C, respectively. In both 

ubfigures, flow patterns around CHF closely resemble those in 

ig. 10 (a), regardless of the higher inlet subcooling. Expectedly, the 

ear identical flow patterns correspond to similar q" CHF for these 

ases. Elevating the inlet subcooling to �T sub,in = 23.7 °C, shown in 

ig. 10 (d), results in a thinner vapor layer in the channel down- 

tream at CHF + . At this point, the effect of subcooling is strong 

nough to enhance q" CHF . 

Fig. 10 (e) contains images with an even higher inlet subcool- 

ng of �T sub,in = 28.9 °C. Higher inlet subcooling increases the ef- 

ect of condensation at the liquid-vapor interface away from the 

eated wall, and the amount of heat required to vaporize liquid. 

his yields a thinner vapor along the heated wall and a signif- 

cant increase in q" CHF compared to the preceding subfigures. At 

HF-, numerous wetting fronts are present along the heated wall 

hroughout the entire channel. At CHF + , the strong condensing po- 

ential of bulk fluid helps two wetting fronts traverse the entire 

hannel to the exit, concentrating heat dissipation at the remain- 

ng wetting fronts. At the end of the sequence, the most down- 

tream wetting front is extinguished, forming a continuous vapor 

ayer along the wall. Fig. 10 (f), features the highest subcooling of 

T sub,in = 38.3 °C. At a high degree of subcooling, wetting fronts 
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Fig. 9. Flow visualization and outline of liquid-vapor interface at CHF- and CHF + during single-sided heating with an intermediate mass velocity of G ≈ 801.6 kg/m 

2 s and 

an inlet subcooling of �T sub,in = (a) 9.5 °C and (b) 28.9 °C. Channel width is 5 mm. 
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ersist through the channel. At CHF + , the distance between suc- 

essive wetting fronts downstream (or the wavelength of the in- 

erface) is longer than at CHF-. At this point, large vapor patches 

reclude sufficient liquid contact to prevent local copper-strip ther- 

ocouples from reaching 122 °C. 

.1.2. Effects of mass velocity for single-sided heating 

Fig. 11 presents similar image sequences for single-sided 

eating as Fig. 10 , but focusing on the near-saturated cases, 

T sub,in = 3.3 – 4.7 °C, at a variety of mass velocities. At the lowest 

ass velocity of G = 200.0 kg/m 

2 s, shown in Fig. 11 (a), a smooth

ontinuous vapor structure occupies the channel, with a thin liquid 

ayer on the adiabatic wall. The predominantly vapor downstream 

roduced at the combination of low inlet subcooling and low mass 

elocity results in an extremely low q" CHF of 10.1 W/cm 

2 . Increas- 

ng the mass velocity to G = 399.9 kg/m 

2 s, shown in Fig. 11 (b),

ncreases q" to 17.5 W/cm 

2 . This is owed to increased flow in- 
CHF 

13 
rtia, moving wetting fronts further into the channel and at a 

aster rate, decreasing the wavelength of the interface, compared 

o Fig. 11 (a). This trend monotonically continues as mass velocity 

s further increased, Fig. 11 (c) and (d), with respective mass veloci- 

ies of G = 799.9 and 1599.9 kg/m 

2 s. In Fig. 11 (d), the vapor struc-

ures downstream appear darker and more chaotic than in cases 

ith lower mass velocity, due to the turbulence produced at higher 

ass velocities. Similar to the effects of inlet subcooling, higher 

ass velocity increases interfacial shear stress and thins the vapor 

ayer, specifically in the upstream region. However, condensation 

t the liquid-vapor interface is insignificant at low subcooling and 

he vapor layer grows large enough to reach the opposite adiabatic 

all in the downstream section. 

The highest mass velocity of G = 2400.0 kg/m 

2 s is depicted 

n Fig. 11 (e). At CHF-, wetting fronts in the upstream region of 

he channel slide along the heated wall and lift off by the end of 

he channel. At CHF + , in the first image, one wetting front exists 
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Fig. 10. Flow visualization image sequences around CHF for inlet subcoolings of �T sub,in = (a) 6.0 °C, (b) 9.5 °C, (c) 14.9 °C, (d) 23.7 °C, (e) 28.9 °C, and (f) 38.3 °C at fixed 

intermediate mass velocity and high inlet pressure with single-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 

5 mm. 
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Fig. 10. Continued 
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Fig. 10. Continued 
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Fig. 11. Flow visualization image sequences around CHF for mass velocities G = (a) 200.0, (b) 399.9, (c) 799.9, (d) 1599.9, and (e) 2400.0 kg/m 

2 s at fixed low inlet subcooling 

and high inlet pressure with single-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 5 mm. 
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Fig. 11. Continued 

18 



I. Mudawar, S.J. Darges and V.S. Devahdhanush International Journal of Heat and Mass Transfer 213 (2023) 124296 

Fig. 11. Continued 
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alfway along the channel; this exits during the sequence. Other 

etting fronts lift off the wall and trigger CHF, regardless of boil- 

ng in the upstream portion of the channel prior to the formation 

f the continuous vapor layer. 

Fig. 12 displays image sequences around CHF with an ele- 

ated inlet subcooling of �T sub,in = 13.0 – 14.9 °C, for different 

ass velocities. In Fig. 12 (a), G = 202.0 kg/m 

2 s, clear wetting 

ronts are present at CHF-, as opposed to CHF + , where a wet- 

ing front midway through the channel is extinguished and liq- 

id loses contact with the heated wall. Increasing the mass ve- 

ocity to G = 400.2 kg/m 

2 s, Fig. 12 (b), the waviness of the in-

erface increases. At CHF-, downstream wetting fronts accelerate 

owards the outlet as rigorous boiling occurs within them. Once 

ownstream wetting fronts lift off the heated wall, heat dissipa- 

ion is entrusted to upstream wetting fronts. At CHF + , liquid oc- 

asionally penetrates the vapor layer that covers the wall but is 

uickly separated by rapid vapor production. Subsequent increases 

n mass velocity to G = 80 0.4, 160 0.1, and 240 0.0 kg/m 

2 s, respec-

ively shown in Figs. 12 (c-e), result in a thinner, wavier vapor layer 

nd greater q" CHF . In Figs. 12 (d) and (e), a short region upstream of

he continuous vapor layer, where local subcooling is the highest, 

ermits liquid contact with the heated wall. Regardless, CHF oc- 

urs when downstream wetting fronts are removed from the wall 

ownstream, as depicted in CHF + for each subfigure, respectively. 

.1.3. Effects of inlet pressure for single-sided heating 

Fig. 13 shows images of single-sided heating at a low inlet sub- 

ooling of �T sub,in = 3.5 – 6.4 °C, for different mass velocities, sim- 

lar to Fig. 11 . However, the image sequences in Fig. 13 feature 

ower inlet pressures of p in = 131.5 – 137.2 kPa compared to 151.3 

155.9 kPa in Fig. 11 . The q" CHF at each mass velocity in Figs. 13 (a-

) are similar to the corresponding case in Fig. 11 (a-e). The largest 

eviation is seen at the lowest mass velocity of G = 200.0 kg/m 

2 s,

n Fig. 13 (a). For this case, a slightly higher inlet subcooling of 
19 
T sub,in = 6.4 °C was adopted to maintain single-phase inlet dur- 

ng the experiments, as non-equilibrium effects within the bulk 

eater produced vapor at low inlet subcooling and low mass veloc- 

ty. Overall, inlet pressure in the tested range has a weak influence 

n both flow patterns near CHF and q" CHF . 

.2. Double-Sided heating 

.2.1. Effects of inlet subcooling for double-sided heating 

Fig. 14 shows image sequences for double-sided heating with 

n intermediate mass velocity of G = 800.0 – 802.8 kg/m 

2 s, at a 

ariety of inlet subcoolings. Fig. 14 (a) features fluid entering the 

hannel with a low inlet subcooling of �T sub,in = 5.7 °C, which pro- 

otes rapid growth of the vapor layer and merging of the vapor 

ayers in the upstream region of the channel. Prior to the vapor 

ayers merging, the wavy liquid-vapor interface, already observed 

uring single-sided heating, develops along each heated wall. At 

HF-, a vapor layer immediately forms along each heated wall and 

row towards the center of the channel. Wetting fronts slide along 

he heated wall and provide cooling. As they reach the merging 

oint, the remaining liquid becomes entrained within the vapor, 

nd liquid-vapor mixture propagates downstream; note that this 

ixture initially exists as a wavy structure in-between the merging 

avy vapor layers. Wetting fronts absorbed into the downstream 

ixture are replaced by newly formed ones upstream. At CHF + , 

ow patterns are similar to CHF- and the channel is predominantly 

lled with the liquid-vapor mixture formed by merged wavy va- 

or layers. However, the left wall does not become rewetted and is 

lanketed by vapor, resulting in CHF. 

Higher inlet subcoolings of �T sub,in = 10.9 °C and 13.6 °C are 

hown in Fig. 14 (b) and (c), respectively. Increasing the inlet sub- 

ooling slows the growth of the vapor layers and pushes their 

erging point further downstream. However, the majority of the 

hannel is still occupied by the liquid-vapor mixture, constraining 
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Fig. 12. Flow visualization image sequences around CHF for mass velocities G = (a) 202.0, (b) 400.2, (c) 800.4, (d) 1600.1, and (e) 2400.0 kg/m 

2 s at fixed moderate inlet 

subcooling and high inlet pressure with single-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 5 mm. 
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Fig. 12. Continued 
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Fig. 12. Continued 
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etting fronts to the upstream region of the channel, and q" CHF is 

ot enhanced. At �T sub,in = 19.5 °C, shown in Fig. 14 (d), the liquid

ore is present throughout the channel and the vapor layers do not 

erge until just before the exit. However, at CHF + , a thin vapor

ayer covers the wall downstream, and wetting fronts are not seen 

long the wall except in the upstream region preceding the forma- 

ion of the vapor layer. In Fig. 14 (e), �T sub,in = 28.5 °C, the vapor

ayers no longer merge and mix together in the channel leading 

p to CHF. The influence of inlet subcooling is now strong enough 

o thin the vapor layers and increase q" CHF . Throughout the chan- 

el, the two vapor layers align in a gear-tooth-mesh-like fashion, 

here the crests of one vapor layer correspond to the troughs of 

he other. Similar to single-sided heating, at the highest subcool- 

ng of �T sub,in = 40.1 °C, Fig. 14 (f), an abundance of wetting fronts

re present even at CHF + . However, a thin layer of vapor does 

row along the left wall, preventing sufficient heat dissipation in 

he downstream region. 

.2.2. Effects of mass velocity for double-sided heating 

Fig. 15 presents image sequences for double-sided heating with 

 low inlet subcooling of �T sub,in = 6.9 – 7.0 °C, at different mass 

elocities. At lower mass velocities of G = 199.9 and 480.0 kg/m 

2 s, 

espectively shown in Figs. 15 (a) and (b), vapor layers grow rapidly 

nd thick, merging in the upstream region of the channel. How- 

ver, q" CHF is significantly higher in Fig. 15 (b), 27.3 W/cm 

2 , as com-

ared to 18.2 W/cm 

2 in Fig. 15 (a). At a higher mass velocity, for-

ation of wetting fronts to rewet the wall is more rapid, and the 

eat flux required to vaporize the supplied liquid is greater, result- 

ng in higher q" CHF . Fig. 15 (c) shows cases with an intermediate ve-

ocity, similar to Fig. 14 (a), and results in comparable flow patterns 

nd q" CHF . Further increasing mass velocity to G = 1600.0 kg/m 

2 s, 

hown in Fig. 15 (d), increases the number of wetting fronts at 

HF- as compared to lower mass velocities. Additionally, the down- 

tream portion of the channel appears darker as mass velocity is 
22 
ncreased. This is caused by turbulent mixing of the remaining liq- 

id in the channel into the growing vapor layers. To the contrary, 

t the lower mass velocities in Fig. 15 (a) and (b), the downstream 

ortion of the channel is mostly vapor, visually light colored, and 

eriodic waves of liquid-abundant dark regions pass through the 

hannel. The highest mass velocity of G = 2400.0 kg/m 

2 s is pre- 

ented in Fig. 15 (e) and features the highest q" CHF in the present 

gure. At both CHF- and CHF + the wavy vapor layers develop near 

he upstream edge of the channel and slide along the wall. The 

apor layers continue to grow as boiling persists within wetting 

ronts until lift off occurs at CHF + and a thin vapor layer blocks 

iquid from most of the wall. 

Similar image sequences, but with a higher inlet subcooling 

f �T sub,in = 28.0 – 33.3 °C, are presented in Fig. 16 . The lowest

ass velocity of G = 199.9 kg/m 

2 s is shown in Fig. 16 (a). In the

pstream region of the channel, vapor is contained to the near- 

all region, even at the lowest mass velocity. Bubbles that de- 

ach from the wall condense into the subcooled liquid core. Af- 

er some distance downstream, the thermal boundary layer is able 

o grow and the near-wall liquid rises in temperature, near satu- 

ation. This is conducive for bubble growth, and the wavy vapor 

ayer grows, overtaking the channel core. At CHF + , wetting fronts 

re extinguished within the wavy vapor layer region but wetting of 

he wall occurs in the highly subcooled region upstream. As seen 

n previous figures, increasing the mass velocity to G = 319.5 and 

01.7 kg/m 

2 s, respectively shown in Figs. 16 (b) and (c), results in 

ccelerated wetting fronts being pushed further into the channel, 

ielding higher q" CHF . 

Further raising the mass velocity to G = 1599.7 kg/m 

2 s, shown 

n Fig. 16 (d), the upstream portion of the channel is predominantly 

iquid, with a few bubbles forming along the heated wall but con- 

ensing before growing. Further downstream, once the thermal 

oundary layer grows, bubbles that form along the wall grow as 

hey slide further downstream. Bubbles coalesce into larger vapor 
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Fig. 13. Flow visualization image sequences around CHF for mass velocities G = (a) 200.0, (b) 400.0, (c) 800.0, (d) 1599.9, and (e) 2400.0 kg/m 

2 s at fixed low inlet subcooling 

and low inlet pressure with single-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 5 mm. 
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Fig. 13. Continued 

24 



I. Mudawar, S.J. Darges and V.S. Devahdhanush International Journal of Heat and Mass Transfer 213 (2023) 124296 

Fig. 13. Continued 
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tructures that travel downstream as boiling continues within the 

etting fronts between vapor patches. At CHF + , groups of wet- 

ing fronts lift off the wall, but localized cooling reaches down- 

tream as periods of mostly subcooled liquid pass downstream, 

ewetting the wall. Regardless, cooling is insufficient to prevent 

he copper-strip thermocouples from reaching 122 °C. At the high- 

st mass velocity of G = 2399.8 kg/m 

2 s, shown in Fig. 16 (e), even

ess vapor is present in the channel approaching CHF. The up- 

tream region is occupied by highly subcooled liquid, and the va- 

or layer develops downstream. The combination of high mass ve- 

ocity and high subcooling produces a thin vapor layer along each 

eated wall, as the strong influence of interfacial shear stresses 

nd condensation at the liquid-vapor interface impede vapor 

rowth. 

.3. Anomalous flow patterns 

Certain operating conditions resulted in flow instabilities, which 

anifested as flow reversal at the outlet of the channel. Liquid that 

eentered the channel impeded or, in severe cases, destroyed the 

avy vapor layer within the channel, complicating the flow pat- 

erns leading up to CHF. However, even during these transients, 

eriods primarily featuring the wavy vapor layer regime exist. Se- 

ere instabilities were generally constrained to high inlet subcool- 

ngs and low flow rates. The current subsection discusses sequen- 

ial images during the final heating increment culminating in CHF, 

hich experienced flow instabilities. Time steps between consecu- 

ive images in each subfigure are larger than in previous figures in 

rder to capture entire cycles of instability when possible. The im- 

ges are numbered at the bottom of each sequence to enable easy 

ross-referencing. 

Fig. 17 (a) presents images with 7-ms spacing featuring double- 

ided heating, an intermediate mass velocity of G = 801.7 kg/m 

2 s, 

nd a high subcooling of �T sub,in = 28.5 °C. Images 1 and 2 show
25 
ypical flow patterns observed in previous subsections. Then a 

eriod of flow reversal occurs where liquid renters the channel 

rom the outlet and vapor structures are destroyed in the down- 

tream section of the channel. This continues until about image 

, where flow inertia from the inlet eventually overcomes the re- 

ersed flow, standard flow pattern resumes, and the wavy vapor 

ayer redevelops. Towards the end of the image sequence, in im- 

ge 34, flow reversal from the outlet occurs again and the cycle 

epeats. 

An image sequence with 7 ms between images and simi- 

ar operating conditions to Fig. 17 (a), G = 803.1 kg/m 

2 s, and 

T sub,in = 28.9 °C, but with a single heated wall is shown in 

ig. 17 (b). Flow instabilities are noticeably more severe for single- 

ided heating. At the beginning of the sequence, in image 1, a wavy 

apor layer is observed sliding along the heated wall. In image 10, 

ow reversal begins and liquid flushes through the entire chan- 

el from the outlet, destroying the established vapor structures. 

n image 16, forward flow resumes, and the wavy vapor layer is 

riefly reestablished until flow reversal once again begins in im- 

ge 33, clearing the channel. The severity of instability at CHF de- 

reases with increasing mass velocity and decreasing inlet subcool- 

ng. 

Fig. 17 (c) shows an image sequence with a higher mass veloc- 

ty of G = 1599.9 kg/m 

2 s, which requires a smaller time step of 

 ms to track flow transients. At an elevated mass velocity, flow 

eversal was unable to propagate through the entire channel and 

as constrained to the downstream section of the channel, un- 

ike Fig. 17 (b), where flow reversal affected the entire channel. 

ig. 17 (d) depicts an image sequence with a lower subcooling of 

T sub,in = 14.9 °C with 11 ms between images. Even at a lower 

ass velocity of G = 403.9 kg/m 

2 s, flow reversal is less severe 

han at higher subcooling, and the wavy vapor layer in the up- 

tream portion of the channel continues to grow and travel down- 

tream. 
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Fig. 14. Flow visualization image sequences around CHF for inlet subcoolings of �T sub,in = (a) 5.7 °C, (b) 10.9 °C, (c) 13.6 °C, (d) 19.5 °C, (e) 28.5 °C, and (f) 40.1 °C at fixed 

moderate mass velocity and high inlet pressure with double-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 

5 mm. 
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Fig. 14. Continued 
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Fig. 14. Continued 
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Fig. 15. Flow visualization image sequences around CHF for mass velocities G = (a) 199.9, (b) 480.0, (c) 800.0, (d) 1600.0, and (e) 2400.0 kg/m2s at fixed low inlet subcooling 

and high inlet pressure with double-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 5 mm. 
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Fig. 15. Continued 
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Fig. 15. Continued 
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. CHF results and discussion 

.1. Parametric effects of inlet pressure, mass velocity, and inlet 

ubcooling 

Fig. 18 shows experimental q" CHF versus G for different ranges 

f inlet subcooling. At the beginning of each run, inlet pressure 

as set to either 130.0 kPa (18.85 psia) or 151.7 kPa (22 psia); note 

or the latter pressure, 160.0 kPa (23.2 psia) was initially used as 

he set point, but the system could not consistently achieve this in- 

et pressure, so the set point was lowered for the remaining cases. 

owever, maintaining a relatively constant mass flow rate along 

he boiling curve resulted in pressure drop to increase with in- 

reasing heat flux, which in turn caused inlet pressure to increase 

long the boiling curve. To best segregate the two p in ranges, 

ata at CHF is demarcated into two groups by p in = 140 kPa for

ingle-sided heating, and p in = 150 kPa for double-sided heating 

n Figs. 18 (a) and (b), respectively. Compared to mass velocity and 

nlet subcooling, inlet pressure variation for the present operating 

onditions has a mild influence on q" CHF , typically within the un- 

ertainty in q" CHF . For this reason, subsequent plots will not dif- 

erentiate inlet pressure ranges and will focus on more influential 

rends. 

Figs. 18 (c) and (d) show the overall plots of q" CHF versus G for

ingle- and double-sided heating, respectively. For each subcooling 

ange, q" CHF increases at a decaying rate with G for both single- 

nd double-sided heating at all inlet subcooling ranges. At low G , 

ouble-sided heating exhibits greater q" CHF than single-sided heat- 

ng, specifically at lower inlet subcooling. This is due to vapor pro- 

uction along both heated walls resulting in greater flow acceler- 

tion, accentuating the influence of inertia. However, at high inlet 

ubcooling, single-sided heating results in higher q" CHF at relatively 

ow G . During double-sided heating, heat gained from both walls 

ccelerates the rise of the bulk fluid temperature along the length 
31 
f the channel, diminishing the benefits achieved at high inlet sub- 

ooling. At high G , flow inertia becomes the dominant parameter 

nd q" CHF converges for both single- and double-sided heating. For 

oth single- and double-sided heating, subcooling has a weak in- 

uence on q" CHF at relatively low subcoolings, and curves for the 

ajority of inlet subcooling ranges overlap. 

The effect of subcooling is further explored in Figs. 19 (a) and 

9(b) which show q" CHF versus �T sub,in for different mass veloc- 

ty ranges with single- and double-sided heating, respectively. For 

ll mass velocity ranges, q" CHF does not initially vary with inlet 

ubcooling, with some perturbations within uncertainty. In this re- 

ion, the bulk fluid temperature is close enough to saturation that 

on-equilibrium effects caused by condensation are weak and do 

ot significantly impede vapor production, as seen in Figs. 10 and 

4 . Once inlet subcooling exceeds ∼15 °C, q" CHF increases at a near 

inear rate with inlet subcooling. q" CHF increases at a faster rate 

ith respect to inlet subcooling for single-sided heating, where the 

ulk fluid better retains its subcooling throughout the channel. For 

ingle-sided heating, the highest inlet subcooling was achieved for 

 = 799.9 – 805.1 kg/m 

2 s and it resulted in constant q" CHF at high

nlet subcooling. Maximum subcooling was limited by flow insta- 

ilities at lower mass velocities, while at high mass velocities, it 

as limited by the maximum heater power practically not reach- 

ng CHF. However, at G = 799.9 – 805.1 kg/m 

2 s, where wall sub- 

trate temperatures were able to reach 122 °C, temporal records re- 

eal heater shut down was possibly triggered by a singular large 

emperature fluctuation, indicating the onset of more severe insta- 

ilities, at high subcooling. Fig. 7 showed temporal records of wall 

ubstrate temperatures and heater power for a typical case, free of 

ny instabilities. Clearly CHF is reached indicated by the inflection 

oint in substrate temperatures as they rapidly escalate to 122 °C. 

ig. 20 (a) show temporal records of wall substrate temperatures 

nd heater power for a case with �T sub,in = 29.8 °C, just before 

he high-subcooling region where q" CHF is insensitive to further in- 
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Fig. 16. Flow visualization image sequences around CHF for mass velocities G = (a) 199.9, (b) 319.5, (c) 801.7, (d) 1599.7, and (e) 2399.8 kg/m 

2 s at fixed high inlet subcooling 

and high inlet pressure with double-sided heating. Time interval between successive images is mentioned below each sequence. Channel width is 5 mm. 
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Fig. 16. Continued 
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Fig. 16. Continued 
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reases in �T sub,in . The last heater power increment caused a sud- 

en, concave up, rise in wall temperature triggering CHF. Wall tem- 

eratures were relatively steady before this point, unlike Fig. 20 (b), 

hich features a case within the insensitive region and an inlet 

ubcooling of �T sub,in = 39.3 °C. Prior to CHF, comparatively severe 

emporal fluctuations, continually peak near 122 °C. These fluctua- 

ions could produce similar q" CHF anywhere in this region. Double- 

ided heating did not experience as severe instabilities as single- 

ided heating, and q" CHF continually increased with inlet subcool- 

ng after the insensitive region observed at low inlet subcooling. 

nterestingly, the operating conditions exhibiting temperature fluc- 

uations are similar to those which produced periodic flow pat- 

erns, as discussed in Fig. 17 , high subcooling and exacerbated dur- 

ng single-sided heating and at low flow rates. Detailed analysis of 

he transient characteristics during these cases is outside the scope 

f the present study but may be explored in the future. However, 

evere temperature fluctuations leading up to CHF appear to be 

orrelated to flow instabilities. 

.2. Dimensionless group relationships 

Figs. 21 (a) and (b) show plots of q" CHF versus x e,out , which link

ass flow rate, inlet subcooling, and heat flux, for single- and 

ouble-sided heating, respectively. All datapoints are segregated 

nto different mass velocity ranges. For both heating configurations, 

" CHF increases with decreasing x e,out . Larger q" CHF at large nega- 

ive outlet qualities is attributed to non-equilibrium effects pro- 

oting condensation at the interface and delayed thermal bound- 

ry layer development, thinning the vapor layer. q" CHF decreases as 

 e,out increases until a certain value, approaching the transition to 

aturated CHF, x e,out ≥ 0, where q" CHF becomes insensitive to x e,out . 

he threshold of insensitivity moves towards lower outlet quali- 

ies as mass velocity increases. For double-sided heating, shown in 
34 
ig. 21 (b), q" CHF decreases with increasing x e,out well into saturated 

HF at low mass velocities. 

The same datapoints are reorganized by inlet subcooling in 

igs. 21 (c) and (d), which show q" CHF versus x e,out at different in- 

et subcooling ranges for single- and double-sided heating, respec- 

ively. The saturated CHF cases in Fig. 21 (b) showing strong sen- 

itivity to x e,out correspond to cases with high inlet subcooling in 

ig. 21 (d), where regardless of the outlet being saturated, high in- 

et subcooling enhances q" CHF , as shown in Fig. 19 . 

Non-dimensionalizing the vertical axis from q" CHF to Bo , 

igs. 22 (a) and (b) show Bo versus x e,out for single- and double- 

ided heating, respectively. Drawn on each plot are lines of con- 

tant x e,in assuming constant pressure. For both single- and double- 

ided heating, clear segregations are observed for different mass 

elocity ranges. As expected from the definition of Bo , increas- 

ng mass velocity results in lower Bo values for a given x e,out . 

imilar to the dimensional results of q" CHF , as x e,out increases, Bo 

ecreases more rapidly for single-sided heating than for double- 

ided heating, with higher mass velocities being less sensitive. For 

 given x e,in , increasing x e,out results in a larger change in Bo for 

ingle-sided heating than double-sided. A larger Bo corresponds to 

 larger q" CHF , which results in more heat added to the fluid for 

ouble-sided heating. 

To isolate the influence of q" CHF , the dimensionless term 

o 2 We D , which is a product of q" CHF and saturated fluid properties, 

s plotted against x e,out . Eliminating the influence of mass velocity 

ollapses the data onto a single, near-linear trend for each heating 

onfiguration as shown in Figs. 22 (c) and (d), respectively. Bo 2 We D 
ecreases as outlet quality increases, and mimics the trends ob- 

erved in Fig. 21 . 

Similar dimensionless results are presented in Figs. 23 (a) and 

b), depicting Bo 2 We D versus Re f , and Figs. 23 (c) and (d), depicting

o 2 We D versus x e,in . Figs. 23 (a) and (b) mirror the results of q" CHF 

ersus G in Figs. 18 (c) and (d) for single- and double-sided heat- 
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Fig. 17. Flow visualization image sequences at CHF for double-sided heating with (a) G = 801.7 kg/m 

2 s and �T sub,in = 28.5 °C, and single-sided heating with (b) 

G = 803.1 kg/m 

2 s and �T sub,in = 28.9 °C, (c) G = 1599.9 kg/m 

2 s and �T sub,in = 29.0 °C, and (d) G = 403.9 kg/m 

2 s and �T sub,in = 14.9 °C. Time interval between succes- 

sive images is mentioned within each part. Channel width is 5 mm. 
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Fig. 18. Variations of experimental CHF results versus mass velocity highlighting different pressure ranges for a subset of the database with (a) single- and (b) double-sided 

heating, and for the entire database with (c) single- and (d) double-sided heating. 

Fig. 19. Variations of experimental CHF results versus inlet subcooling for (a) single- and (b) double-sided heating. 
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Fig. 20. Temporal records of heated wall substrate temperatures and heater power (proportional to heat flux) for cases in which q" CHF is (a) sensitive and (b) insensitive to 

variations in inlet subcooling. 
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ng, respectively. Likewise, Figs. 23 (c) and 23(d) mirror the results 

f q" CHF versus �T sub, in Figs. 19 (a) and (b) for single- and double-

ided heating, respectively. While no new trends are revealed by 

ondimensionalizing the CHF results, nondimensional results can 

asily be applied to results from other databases containing dif- 

erent fluids and operating conditions. Additionally, many common 

orrelations rely on dimensionless groups to predict q" CHF and pro- 

ide constraints. 

.3. Comparison to earth gravity data 

Prior to launch, mission sequence testing (MST) was completed 

ith the FBCE system in Earth gravity to assure its readiness for 

he ISS. During MST, the FBM was oriented for vertical upflow, and 

 subset of the operating conditions performed on the ISS were 

ested [47] . Detailed CHF results with subcooled inlet obtained dur- 

ng MST were previously published [49] . Fig. 24 compare the data 

btained on the ISS to the MST results, i.e ., microgravity versus 

arth gravity results. For single-sided heating, shown in Fig. 24 (a), 

arge discrepancies exist between the ISS data and MST data at 

ow mass velocity, and q" CHF is degraded by ∼38% at the low- 

st mass velocity. CHF in microgravity is consistently lower than 

ertical upflow in g e , wherein buoyancy facilitates vapor removal 

rom the channel. As mass velocity increases and the influence of 

uoyancy diminishes relative to inertia, the μg e results converge 

owards the g e vertical upflow results. For double-sided heating, 

hown in Fig. 24 (b), q" CHF in μg e is almost identical to q" CHF in g e 
uring vertical upflow at all mass velocities. During double-sided 

eating, the additional flow acceleration from phase change along 

wo heated walls decreases the relative influence of buoyancy, and 

loses the gap between μg e and vertical upflow at lower G than 

hat was observed during single-sided heating. 

. CHF prediction tools 

.1. Assessment of chf correlations 

An abundance of flow boiling CHF correlations are readily avail- 

ble in the literature, each tuned to a database comprised of spe- 
37 
ific fluids, channel geometries and materials, and operating con- 

itions. The vast majority were developed from data acquired in 

 terrestrial environment and may be unreliable for the present, 

nique, microgravity database. In a recent study by the present au- 

hors [50] , a comprehensive assessment of flow boiling CHF corre- 

ations was conducted for a large, consolidated, pre-launch, FBCE- 

HF database to identify correlations that well predict the current 

ombination of fluid, test section, and approximate operating con- 

itions, regardless of the origin of each correlation. The consoli- 

ated database features a rectangular channel with both single- 

nd double-sided heating, a broad range of operating conditions, 

nd Earth-gravity data acquired at different channel orientations 

nd microgravity data acquired onboard a parabolic flight. Correla- 

ions are typically designed for either subcooled CHF ( x e,CHF < 0) 

r saturated CHF ( x e,CHF ≥ 0) and are assessed with the appropri- 

te subset of the consolidated database, employing the following 

uidelines: 

i) Correlations that utilize channel diameter D are replaced by hy- 

draulic diameter D h , otherwise, the length scale prescribed by 

the original authors is used. 

ii) CHF is assumed to occur at the outlet of the channel corre- 

sponding to, x e,CHF = x e,out and L CHF = L h . 

ii) Saturated thermophysical properties are evaluated at either the 

inlet or outlet pressure, as appropriate, using NIST-REFPROP 

[46] . 

The best performing correlations for the microgravity subset 

f the consolidated database, determined via mean absolute error, 

AE, are chosen for an assessment of their predictive capability of 

he ISS database. MAE, for N data points is calculated as, 

AE(%) = 

1 

N 

∑ 

∣∣∣∣q ′′ CHF,pred − q ′′ CHF,exp 

q ′′ CHF,exp 

∣∣∣∣× 100% . (5) 

The other statistical parameters evaluated include root mean 

quare error, RMSE, defined as 

MSE(%) = 

√ 

1 

N 

∑ 

(
q ′′ CHF,pred − q ′′ CHF, exp 

q ′′ CHF,exp 

)2 

× 100 , (6) 
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Fig. 21. Variations of experimental CHF results versus outlet equilibrium quality highlighting trends with respect to mass velocity for (a) single- and (b) double-sided heating, 

and inlet subcooling for (c) single- and (d) double-sided heating. 
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nd the percentage of predictions within ±30% and ±50% of 

" CHF,exp , ξ 30 and ξ 50 , respectively. 

Subcooled CHF correlations that are chosen for assessment are 

isted in Table 2 along with remarks regarding their development 

nd various statistical performance indices, including MAE, RMSE, 

30 , and ξ 50 . Corresponding parity plots for each correlation and 

elect statistics are presented in Fig. 25 . The correlation by the 

resent authors (Darges et al . [50] ), shown in Fig. 25 (a), was de-

eloped with the consolidated prelaunch database and yielded the 

est predictions for subcooled CHF with a MAE of 18.06%. This 

orrelation was developed using data acquired with the present 

r near-identical test module and operating conditions similar to 

he present database. Its functional form was chosen to highlight 

he effects of gravity on flow boiling CHF while capturing other 

onventional trends. It is equally as accurate for the ISS database 

s it was for the prelaunch data, which encompassed a variety 

f buoyancy effects. The correlation by Tso et al . [51] , shown in

ig. 25 (b), was developed from vertical upflow boiling experiments 

n a rectangular channel using FC-72 (a commercial mixture of dif- 

erent perfluorohexane isomers resulting in near-identical proper- 
38 
ies to nPFH). These similarities resulted in a relatively low MAE of 

2.01%, even though only a small portion of the present database 

alls within the correlation’s recommended application range. A 

lightly larger drop-off of accuracy, MAE = 43.28%, resulted from 

he correlation by Celata et al . [52] , shown in Fig. 25 (c). Their cor-

elation was developed from a consolidated CHF database com- 

rised of water in small diameter circular channels, and con- 

istently under-predicted the database. Similarly, the correlation 

y Sarma et al . [53] , depicted in Fig. 25 (d) under-predicted the 

atabase and was developed for water and R-12. The form of the 

orrelation was inspired by the evaporation of a liquid layer un- 

erneath a slug bubble, which differs from the mechanism of CHF 

xperienced in the present study. Regardless, the correlation per- 

orms reasonably well with an MAE of 51.52%. 

The best performing saturated CHF correlations for microgravity 

ata subset of the prelaunch consolidated FBM database are listed 

n Table 3 , with corresponding parity plots shown in Fig. 26 . Mir-

oring subcooled CHF, the correlation by the present authors [50] , 

hich is applicable for both subcooled and saturated CHF, per- 

ormed the best with a MAE of 18.82% and is featured in Fig. 26 (a).
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Fig. 22. Variations of dimensionless experimental CHF results versus outlet equilibrium quality: Bo vs x e,out for (a) single- and (b) double-sided heating, and Bo 2 We D vs x e,out 

for (c) single- and (d) double-sided heating. 
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ibiriçá et al . [54] took inspiration from the correlation by Katto 

nd Ohno [35] and developed their own correlation, shown in 

ig. 26 (b), to fit their database of uniformly heated elliptical tubes. 

espite the niche intended application, their correlation yielded 

ood predictions and resulted in an MAE of 23.36%. Its parent cor- 

elation, by Katto and Ohno [35] , is one of the most robust and

opular correlations for saturated flow boiling CHF in uniformly 

eated tubes. It was validated for 15 different fluids and a broad 

ange of operating conditions during its development and pre- 

icted the ISS database reasonably well with an MAE of 31.55%, as 

hown in Fig. 26 (c). Zhang et al . [55] consolidated a CHF database

onsisting of water in uniformly heated tubes and developed a cor- 

elation for saturated CHF. Their correlation, shown in Fig. 26 (d), 

overed a broad range of operating conditions and consistently 

nder-predicted the ISS database with a MAE of 40.84%. 
39 
.2. Interfacial lift-off model 

.2.1. Model description 

The observations of flow patterns in Section 3 justify the use 

f the Interfacial Lift-off Model to predict q" CHF . Originally proposed 

y Galloway and Mudawar in [56] , the Interfacial Lift-off Model de- 

cribes a periodic wavy vapor layer that develops along the heated 

all leading up to CHF. Fig. 27 depicts a schematic of the mod- 

led flow patterns for double-sided heating; single-sided would be 

imilar but with only one vapor layer. Preceding CHF, cooling of 

he heated wall is sustained at troughs in the wavy vapor layer, 

nown as wetting fronts, where the bulk liquid is permitted access 

o the wall. Boiling at wetting fronts is assumed to be the primary 

ource of heat dissipation for the heated wall. CHF is postulated 

o occur once the momentum (normal to the heated wall) of va- 
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Fig. 23. Variations of dimensionless experimental CHF results versus liquid Reynolds number for (a) single-and (b) double-sided heating, and inlet equilibrium quality for 

(c) single- and (d) double-sided heating. 

Fig. 24. Comparison of experimental CHF results in microgravity (from ISS experiments [ 40 , 41 ]) to Earth gravity (pre-launch ground experiments [49] ) for (a) single- and (b) 

double-sided heating. 
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Table 2 

Selected correlations applicable to subcooled CHF. 

Correlation Remarks 

Recommended/Validated Applicability 

Ranges 

Assessment 

Statistics 

Darges et al . (2022) [50] 

Bo = 0 . 353 We −0 . 314 
D e 

(
L h 
D e 

)−0 . 226 
(

ρ f 

ρg 

)−0 . 481 (
1 − ( 

ρ f 

ρg 
) 
−0 . 094 

x e,in 

)
... 

(
1 + 0 . 034 1 

F r θ, D e 

)(
1 + 0 . 008 

B d θ, D e 

We 0 . 543 
D e 

)
• Based on inlet conditions 
• nPFH 

• Any orientation 
• g e and μg 
• Rectangular channel heated on 

1 or 2 opposite walls 
• Developed from a 

consolidated database of 417 

datapoints 

We De = 15.24 – 19,540.26 

L h /D e = 5.73 – 11.46 

ρ f / ρg = 48.15 – 123.90 

x e,in = −0.50 – 0.68 

1/ Fr θ ,De = −5.82 – 14.68 

Bd θ ,De = −864.80 – 865.34 

Bo = 0.0012 – 0.0285 

MAE = 18.06% 

RMSE = 21.74% 

ξ 30 = 81.54% 

ξ 50 = 100.00% 

Tso et al . (2000) [51] 

q ′′ CHF 

ρg u h f g 

= 0 . 203 We 
−11 
23 

L 

(
ρ f 

ρg 

) 15 
23 ( L h 

D h 

) 1 
23 

(
1 + 

c p, f �T sub,in 

h f g 

) 7 
23 

×
(

1 + 0 . 021 
ρ f 

ρg 

c p, f �T sub,in 

h f g 

) 16 
23 

• Based on inlet conditions 
• FC-72 
• Vertical upflow 

• Rectangular channel 
• Developed using 16 datapoints 

We L = 1 – 1000 MAE = 22.01% 

RMSE = 40.32% 

ξ 30 = 83.08% 

ξ 50 = 89.23% 

Celata et al . (1994) [52] 

Bo = 

C 

Re 0 . 5 
; C = ( 0 . 216 + 4 . 74 × 10 −2 p )�

p is in MPa 

� = 

⎧ ⎨ 

⎩ 

1 , x e,out < −0 . 1 

0 . 825 + 0 . 986 x e,out , −0 . 1 < x e,out < 0 

1 / ( 2 + 30 x e,out ) , x e,out > 0 

• Based on outlet conditions 
• Water 
• Not orientation-specific 
• Small diameter circular 

channels 
• Validated for a consolidated 

database of 1865 datapoints 

D = 0.3 – 25.4 mm 

L h = 2.5 – 610 mm 

G = 900 – 90,000 kg/m 

2 s 

p = 0.1 – 8.4 MPa 

T in = 0.3 – 242.7 °C 
q" CHF = 3.3 – 227.9 MW/m 

2 

MAE = 43.28% 

RMSE = 45.59% 

ξ 30 = 16.92% 

ξ 50 = 73.85% 

Sarma et al . (2006) [53] 

Bo = 0 . 118 Re −0 . 23 p 0 . 2 r 

(
D 
L h 

)0 . 45 
(

c p, f �T sub 

h f g 

) • Based on inlet conditions 
• Water and R-12 
• Not orientation-specific 
• Small diameter circular tubes 
• Validated for a consolidated 

database consisting of 2718 

datapoints 

D = 0.25 – 37.5 mm 

L h = 1.77 – 2300 mm 

G = 385.3 – 90,000 kg/m 

2 s 

p = 0.953 – 206.69 bar 

T in = 1.5 – 354.03 °C 
q" CHF = 1.104 – 227.95 MW/m 

2 

MAE = 51.52% 

RMSE = 53.55% 

ξ 30 = 6.15% 

ξ 50 = 46.15% 
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c
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r
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or generated at the wetting front overcomes the pressure force 

xerted by the curvature of the interface. At this point, the wetting 

ront lifts off the heated wall. The ensuing axial conduction up- 

tream provokes a chain-reaction-like process marching upstream, 

uring which, wetting fronts are extinguished one by one until a 

apor blanket covers the entire wall. The Interfacial Lift-off Model 

as since been adapted to handle q" CHF predictions for a broad 

ange of operating conditions. A brief summary regarding details 

f the model and its procedure will be provided, with key equa- 

ions of the model for both single-sided and double-sided heat- 

ng available in Table 4 . For the present microgravity database, the 

ravitational acceleration is negligible and g ≈ 0. This renders the 

nclination angle of the channel, θ , irrelevant. Further details of the 

odel, including its application to Earth gravity, are provided in 

49] . 

The Interfacial Lift-Off Model can be divided into four sub- 

odels. First, a separated flow model is used to predict local pres- 

ure, phase velocities, quality, and void fraction along the length of 

he channel. The following assumptions are made during the sepa- 

ated flow model: 

(1) Vapor layer is initiated at the leading edge of the heated 

wall. 

(2) Velocity of each phase is uniform within the channel’s cross- 

section. 

(3) Pressure is uniform across the channel’s entire cross-section. 

(4) Vapor is maintained at the local saturation temperature. 

(5) Vapor produced at the wetting front does not contribute to 

streamwise momentum. 

(6) In the case of double-sided heating, equal heat flux is ap- 
plied to each heated wall. 

41 
In order to capture non-equilibrium effects that occur in sub- 

ooled CHF ( x e,out < 0), the heat utility ratio, ε, proposed by Zhang

t al . [57] is included within the separated flow model. The heat 

tility ratio partitions total heat flux into the portions going to sen- 

ible heat of the bulk fluid or latent heat of the near-wall fluid. For 

aturated CHF, x e,out ≥ 0, the heat utility ratio is fixed to unity by 

ssuming all the heat transferred to the working fluid goes into 

aporizing the fluid, and the bulk fluid temperature remains con- 

tant. As shown in Table 4 , the heat utility ratio is an empirical

orrelation developed from a database of the authors’ own exper- 

ments and those by Sturgis and Mudawar [58] . The heat utility 

atio was later adapted by the present authors [49] and shown to 

e effective for their own database. 

The second sub-model is based on classic instability analysis of 

wo-fluid systems moving at different velocities [ 59 , 60 ]. This as- 

umes a wavy sinusoidal interface described by η(z,t) which exists 

etween the two fluids and moves at a wave speed, c . The sta- 

ility of the interface can be determined by the relative magni- 

udes of inertia, surface tension, and body force. From this, both 

he critical wavelength, λc , corresponding to the wavelength of 

he interface that triggers instability, and the pressure force asso- 

iated with the interface’s curvature, are calculated. As shown in 

ig. 27 , the absence of body force in μg e results in an identical

ritical wavelength for each heated wall. In environments with an 

nfluential gravitational field, a component of gravity perpendicular 

he heated surface would result in different λc along each heated 

all. 

The final two sub-models are used in tandem to find the wall 

eat flux needed to trigger CHF. An energy balance at the wetting 

ront yields the momentum of vapor emitting from the wetting 

ront, which is equated to the pressure force determined from the 
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Table 3 

Selected correlations applicable to saturated CHF. 

Correlation Remarks 

Recommended/Validated 

Applicability Ranges 

Assessment 

Statistics 

Darges et al . (2022) [50] 

Bo = 0 . 353 We −0 . 314 
D e 

(
L h 
D e 

)−0 . 226 
(

ρ f 

ρg 

)−0 . 481 
( 

1 −
(

ρ f 

ρg 

)−0 . 094 

x e,in 

) 

... 

(
1 + 0 . 034 1 

F r θ, D e 

)(
1 + 0 . 008 

B d θ, D e 

We 0 . 543 
D e 

)
• Based on inlet conditions 
• nPFH 

• Any orientation 
• g e and μg 
• Rectangular channel heated on 1 or 2 opposite 

walls 
• Developed from a consolidated database of 417 

datapoints 

We De = 15.24 – 19,540.26 

L h /D e = 5.73 – 11.46 

ρ f / ρg = 48.15 – 123.90 

x e,in = −0.50 – 0.68 

1/ Fr θ ,De = −5.82 – 14.68 

Bd θ ,De = −864.80 – 865.34 

Bo = 0.0012 – 0.0285 

MAE = 18.81% 

RMSE = 20.26% 

ξ 30 = 93.06% 

ξ 50 = 100.00% 

Tibiriçá et al. (2012) [54] 

q ′′ CHF = min ( q ′′ 1 , q 
′′ 
2 ) × ( 1 + max ( K 1 , K 2 ) 

( h f − h in ) 

h f g 

) 

q ′′ 1 = CG h f g 

(
σρ f 

G 2 L eq 

)0 . 0298 
D eq 

L eq 

q ′′ 2 = 0 . 06213 G h f g 

(
ρg 

ρ f 

)0 . 085 (
σρ f 

G 2 L eq 

)0 . 31348 
1 

1 + 0 . 0031 
L eq 

D eq 

K 1 = 

1 . 043 

4 C 

(
σρ f 

G 2 L eq 

)0 . 043 
; K 2 = 

5 

(
0 . 0124 + 

D eq 

L eq 

)
6 

(
ρg 

ρ f 

)0 . 133 (
σρ f 

G 2 L eq 

) 1 
3 

C = 

⎧ ⎨ 

⎩ 

0 . 25 , L eq / D eq < 50 

0 . 25 + 0 . 0 0 076( L eq / D eq − 50 ) , 50 ≤ L eq / D eq ≤ 150 

0 . 32576 , L eq / D eq > 150 

D eq = 

√ 

4 A c 

π
; L eq = 

P h L h 
πD eq 

• Based on inlet conditions 
• R-134a, R-245fa, R-1234ze(E) 
• Horizontal flow 

• Uniformly heated elliptical tubes of different 

aspect ratios 
• Developed using a consolidated database of 150 

datapoints 

D = 1.0 – 2.2 mm 

L h = 90 – 361 mm 

β = 0.25 – 4 

G = 100 – 1500 kg/m 

2 s 

�T sub,in = 4 – 10 °C 

MAE = 23.36% 

RMSE = 30.64% 

ξ 30 = 75.00% 

ξ 50 = 88.89% 

Katto & Ohno (1984) [35] 

q ′′ CHF = q ′′ o 

(
1 + K 

( h f − h in ) 

h f g 

)
If ρg / ρ f < 0 . 15 : 

q ′′ o = 

{
q ′′ o2 , q ′′ o2 < q ′′ o3 

max 
(
q ′′ o3 , q 

′′ 
o4 

)
, q ′′ o2 > q ′′ o3 

; 

K = max 
(

K 6 , K 7 
)

If ρg / ρ f > 0 . 15 : 

q ′′ o = 

{
q ′′ o2 , q ′′ o2 < q ′′ o13 

max 
(
q ′′ o13 , q 

′′ 
o5 

)
, q ′′ o2 > q ′′ o13 

; 

K = 

{
K 6 , K 6 > K 7 

min ( K 7 , K 9 ) , K 6 < K 7 

q ′′ o2 

G h f g 

= CWe −0 . 043 
L 

D 

L h 
; 

q ′′ o3 

G h f g 

= 0 . 10 

(
ρg 

ρ f 

)0 . 133 

We 
− 1 

3 

L 

1 

1 + 0 . 0031 L h 
D 

q ′′ o4 

G h f g 

= 0 . 098 

(
ρg 

ρ f 

)0 . 133 

We −0 . 433 
L 

(
L h 
D 

)0 . 27 

1 + 0 . 0031 L h 
D 

q ′′ o5 

G h f g 

= 0 . 0384 

(
ρg 

ρ f 

)0 . 6 

We −0 . 173 
L 

1 

1 + 0 . 28 We −0 . 233 
L 

L h 
D 

q ′′ o13 

G h f g 

= 

0 . 234 

(
ρg 

ρ f 

)0 . 513 

We −0 . 433 
L 

(
L h 
D 

)0 . 27 

1 + 0 . 0031 L h 
D 

C = 

⎧ ⎨ 

⎩ 

0 . 25 , L h /D < 50 

0 . 25 + 0 . 0 0 09( L h 
D 

− 50 ) , 50 ≤ L h /D ≤ 150 

0 . 34 , L h /D > 150 

K 6 = 

(
1 . 043 

4 CWe −0 . 043 
L 

)
; K 7 = 

⎛ 

⎜ ⎝ 

5( 0 . 0124 + 

D 
L h 

) 

6 

(
ρg 

ρ f 

)0 . 133 

We 
− 1 

3 

L 

⎞ 

⎟ ⎠ 

K 8 = 0 . 416 

⎛ 

⎜ ⎝ 

(
0 . 0221 + 

D 
L h 

)(
D 
L h 

)0 . 27 

(
ρg 

ρ f 

)0 . 133 

We −0 . 433 
L 

⎞ 

⎟ ⎠ 

; K 9 = 1 . 12 

( 

1 . 52 We −0 . 233 
L 

+ D 
L h (

ρg 
ρ f 

)0 . 6 

We −0 . 173 
L 

) 

• Based on inlet conditions 
• Water, anhydrous ammonia, benzene, ethanol, 

helium I, para-hydrogen, monoisopropylbiphenyl, 

nitrogen, potassium, R-12, R-21, R-22, R-113, 

R-114, R-115 
• Vertical upflow 

• Uniformly heated circular tubes 
• Validated for a consolidated database consisting 

of > 1000 datapoints 

D = 1 – 38.1 mm 

L h /D = 5 – 940 

ρg / ρ f = 0.00027 – 0.517 

MAE = 31.55% 

RMSE = 33.10% 

ξ 30 = 26.39% 

ξ 50 = 100.00% 

Zhang et al. (2006) [55] 

Bo = 0 . 0352 

(
W e D + 0 . 0119 

(
L h 
D h 

)2 . 31 
(

ρg 

ρ f 

)0 . 361 
)−0 . 295 

×
(

L h 
D h 

)−0 . 311 

(
2 . 05 

(
ρg 

ρ f 

)0 . 170 

− x e,in 

)
• Based on inlet conditions 
• Water 
• Not orientation-specific 
• Uniformly heated small diameter circular tubes 
• Developed from a consolidated database 

containing 3837 datapoints, of which 2539 are 

saturated 
• Database consists of both subcooled and 

saturated data 
• Hall & Mudawar (2000) was recommended for 

subcooled CHF predictions (as discussed in [ 50 ]) 

D = 0.33 – 6.22 mm 

L/D = 1.0 – 975 

p out = 0.101 – 19.0 MPa 

G = 5.33 – 134,000 

x e,in = −2.35 – 0.00 

x e,out = −1.75 – 0.999 

q" CHF = 0.00935 – 276 

MW/m 

2 

MAE = 40.84% 

RMSE = 41.91% 

ξ 30 = 11.11% 

ξ 50 = 75.00% 

42 
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Fig. 25. Parity plots of correlations for subcooled CHF: (a) Darges et al. (2022) [50] , (b) Tso et al . (20 0 0) [51] , (c) Celata et al. (1994) [52] , and (d) Sarma et al. (2006) [53] . 
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nstability analysis. An energy balance is then performed for the 

ntire wall to relate the supplied wall heat flux to the heat flux at 

he wetting front required for lift-off. 

The Interfacial Lift-off Model is iterative in its procedure, due 

o the implicit relationship between the critical wavelength, local 

roperties, and applied heat flux. The model is initiated by as- 

uming q" CHF and using the separated flow model coupled with 

 fourth-order Runge-Kutta to advance along the channel until 

he axial location where the velocity of the vapor layer along the 

eated wall surpasses the velocity of the bulk liquid, z o . From z o , a

ritical wavelength is assumed, and the separated flow model con- 

inues until z ∗ defined as z ∗ = z o + λc . At z ∗, the local properties

re used to calculate the critical wavelength using the equation in 

able 4 . This process is repeated until the locally calculated criti- 

al wavelength matches the assumed value. Once the critical wave- 

ength is determined, the equation for q" in Table 4 is evaluated 
CHF 

43
t z ∗. Again, if the calculated q" CHF does not match the assumed 

" CHF , an updated q" CHF is assumed, and the entire process is re- 

eated until convergence is reached. For a case with double-sided 

eating, the Interfacial Lift-off Model is performed for both heated 

alls and the resulting lower value yields the true q" CHF . However, 

n the absence of gravity perpendicular to the heated wall, predic- 

ions will be identical for each wall. 

.2.2. Comparison of model predictions to experimental data 

Previous studies [61] have identified operating conditions in a 

errestrial environment which the wavy vapor interface is not ob- 

erved, and the Interfacial Lift-off Model is not applicable. How- 

ver, the wavy vapor interface is observed for the present operat- 

ng range tested in microgravity, agreeing with preliminary micro- 

ravity experiments performed via parabolic flight [ 10 , 12 ]. Hence, 
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Fig. 26. Parity plots of correlations for saturated CHF: (a) Darges et al. (2022) [50] , (b) Tibiriçá et al . (2012) [54] , (c) Katto & Ohno (1984) [35] , and (d) Zhang et al. (2006) 

[55] . 
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redictions of q" CHF are made with the Interfacial Lift-off Model 

or the entire ISS database with subcooled inlet. The model pre- 

icts the present database with an overall MAE of 23.09%, and a 

arity plot of the results is presented in Fig. 28 (a). The model per-

orms similarly for single- and double-sided with MAEs of 25.26% 

nd 21.13%, respectively. The majority (65.44%) of datapoints are 

redicted within ±30% error, while all datapoints are predicted 

ithin ±50% error. Overall, the Interfacial Lift-off model performs 

atisfactorily, even outperforming most correlations. Figs. 28 (b) and 

c) show variations of error with respect to mass velocity and in- 

et subcooling, respectively. The model generally underpredicts the 

resent database with a larger spread of error produced at rela- 

ively low mass velocity and low inlet subcooling. 

In order to highlight trends of the sub-models, Table 5 includes 

utputs from the separated flow model and instability analysis for 

elect cases (the ISS case reference numbers are as per [ 40 , 41 ]).
44
esults from different mass velocities at two subcooling ranges 

re chosen for both single- and double-sided heating. The lead- 

ng columns until q" CHF,exp , which is included for reference, are in- 

uts into the model. Following and including column q" CHF,pred are 

utputs from various components of the model. Some key trends 

re, for each subcooling range, the critical wavelength, λc , and 

apor layer thickness, δ, decrease with increasing mass velocity. 

imilarly observed in flow visualization, provided in Figs. 11 and 

4 for single- and double-sided heating, respectively, cases with 

igher mass velocity resulted in thinner vapor layers with shorter 

apor structures. Decreasing the distance between wetting fronts, 

r wavelength of the interface, with increasing mass velocity cor- 

esponds to increasing q" CHF,pred . The two subcooling ranges out- 

ut similar results for each mass velocity. However the heat util- 

ty ratio, ε, is lesser at higher subcooling, resulting in greater 

" CHF,pred . 
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Table 4 

Summary of equations used in the Interfacial Lift-off Model . 

Conservation of momentum for single-sided heating 

G 2 
d 

dz 

[
x 2 1 

ρg α1 

]
= −α1 

dp 

dz 
− τw 1 ,g P w 1 ,g 

A c 
± τi P i 

A c 
− ρg α1 gsinθ

G 2 
d 

dz 

[
( 1 − x 1 ) 

2 

ρb ( 1 − α1 ) 

]
= −( 1 − α1 ) 

dp 

dz 
− τw,b P w,b 

A c 
∓ τi P i 

A c 
− ρb ( 1 − α1 ) gsinθ

Conservation of momentum for double-sided heating 

G 2 
d 

dz 

[
x 2 1 

ρg α1 

]
= −α1 

dp 

dz 
− τw 1 ,g P w 1 ,g 

A c 
± τi, 1 P i, 1 

A c 
− ρg α1 g sin θ

G 2 
d 

dz 

[
x 2 2 

ρg α2 

]
= −α2 

dp 

dz 
− τw 2 ,g P w 2 ,g 

A c 
± τi, 2 P i, 2 

A c 
− ρg α2 g sin θ

G 2 
d 

dz 

[
( 1 − x 1 − x 2 ) 

2 

ρb ( 1 − α1 − α2 ) 

]
= −( 1 − α1 − α2 ) 

dp 

dz 
− τw,b P w,b 

A c 
∓ τi, 1 P i, 1 

A c 
∓ τi, 2 P i, 2 

A c 
− ρb ( 1 − α1 − α2 ) g sin θ

Local vapor velocity 

u ga = 

x a G 

ρg αa 

Local liquid velocity 

(single-sided heating) 

u f = 

( 1 − x 1 ) G 

( 1 − α1 ) ρb 

Local liquid velocity (double-sided heating) 

u f = 

( 1 − x 1 − x 2 ) G 

( 1 − α1 − α2 ) ρb 

Wall shear stress [62] 

τw,k = 

1 

2 
ρk u k f k 

Wall friction factor 

f k = C 1 + 

C 2 

Re 1 / C 3 
k 

Phase Reynolds number 

R e k = 

ρk u k D k 
μk 

Friction factor constants for laminar flow ( R e k ≤ 2100 ) 

C 1 = 0 ;C 2 = 16 ;C 3 = 1 

Friction factor constants for transitional flow ( 2100 < R e k ≤ 4000 ) 

C 1 = 0 . 0054 ;C 2 = 2 . 3 × 10 −8 ;C 3 = −2 / 3 

Friction factor constants for turbulent flow ( R e k > 40 0 0 ) 

C 1 = 0 . 00128 ;C 2 = 0 . 1143 ;C 3 = 3 . 2154 

Interfacial shear stress 

τia = C f,a ρg ( u ga − u f ) 
2 where C f,i = 0 . 5 [56] 

Conservation of 

energy 
d x a 

dz 
= 

ε q ′′ w W 

GA [ h f g (z) + �h sub ] 

Local liquid enthalpy 

(single-sided heating) h b = 

h in − x 1 h g + 

q ′′ w P h 
GA c 

z 

(1 − x 1 ) 

Local liquid velocity (double-sided 

heating) h b = 

h in − ( x 1 + x 2 ) h g + 

q ′′ w P h 
G A c 

z 

( 1 − x 1 − x 2 ) 

Critical wavelength 

k c,a = 

2 π

λc,a 
= 

ρ ′′ 
b ρ

′′ 
ga ( u ga − u f ) 

2 

2 σ ( ρ ′′ 
b + ρ ′′ 

ga ) 
+ 

√ √ √ √ 

[ 
ρ ′′ 

b ρ
′′ 

ga ( u ga − u f ) 
2 

2 σ ( ρ ′′ 
b + ρ ′′ 

ga ) 

] 2 
+ 

( ρb − ρga ) g n 
σ

where ρ ′′ 
ga = ρga coth ( k δa ) and ρ ′′ 

b 
= 

{
ρb coth ( k ( H − δ1 ) ) , single − sided 

ρb coth ( k ( H − δ1 − δ2 ) ) , double − sided 

Lift-off criteria 

q ′′ CHF ,a = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

ρg 

ε (c p, f �T sub , out + h fg ) 
[ 

4 πσb 
ρg 

sin (πb) 
] 0 . 5 

δ0 . 5 
a 

λc,a 
| 
z ∗

, x e, out < 0 

ρg (c p, f �T sub , in + h fg ) 
[ 

4 πσb 
ρg 

sin (πb) 
] 0 . 5 

δ0 . 5 
a 

λc,a 
| 
z ∗

, x e, out ≥ 0 

Heat utility ratio 

ε = 1 − 0 . 00285 
ρ f 

ρg 

c p, f �T sub,out 

h f g 

(
ρ f u 

2 
in 

D 

σ

)

Fig. 27. Schematics of the idealized formation of wavy liquid-vapor interface in μg e . 
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Fig. 28. (a) Parity plot of predictions by the Interfacial Lift-off Model , and error of model predictions over the entire range of (b) mass velocity and (c) inlet subcooling. 

Table 5 

Submodel outputs of the Interfacial Lift-off Model . 

Heating 

configuration 

Inlet 

subcooling 

ISS case 

number 

[ 40 , 41 ] 

G 

[kg/m 

2 s] 

p in [kPa] T in [ °C] �T sub,in 

[ °C] 

x e,in q" CHF,exp 

[W/cm 

2 ] 

q" CHF,pred 

[W/cm 

2 ] 

z o [mm] λc [mm] δ [mm] x e,out ε

Single Low 234 200.0 148.2 61.4 7.4 −0.10 11.2 14.4 0.24 11.46 1.70 0.10 1.00 

242 800.0 150.9 59.9 9.5 −0.13 23.8 18.8 0.70 4.93 0.52 −0.06 0.96 

251 2400.0 151.8 59.6 10.0 −0.14 36.8 25.5 1.40 2.69 0.23 −0.11 0.89 

2129 3200.0 124.8 51.0 12.4 −0.17 38.8 31.1 1.18 2.17 0.19 −0.14 0.82 

High 2136 202.2 131.6 36.2 28.9 −0.38 24.9 14.4 0.26 12.72 1.59 −0.18 0.92 

3138 801.8 130.6 36.4 28.4 −0.38 42.3 27.5 0.52 4.80 0.53 −0.28 0.80 

2140 2399.9 125.1 36.7 26.8 −0.35 47.9 43.1 0.94 2.49 0.23 −0.30 0.65 

Double Low 207 200.0 161.3 61.4 10.1 −0.14 18.8 18.9 0.13 7.36 1.10 0.40 1.00 

2217 2400.0 164.5 63.7 8.5 −0.12 31.4 24.6 0.34 3.28 0.38 0.06 1.00 

2224 2400.0 153.0 60.3 9.6 −0.13 40.3 28.0 0.77 1.89 0.16 −0.07 0.94 

27 3200.0 127.6 51.7 12.4 −0.17 42.3 34.4 0.66 1.51 0.13 −0.11 0.86 

High 204 199.9 155.5 45.3 25.1 −0.34 20.8 22.5 0.11 7.31 1.11 0.30 1.00 

3037 803.3 131.7 36.5 28.6 −0.38 37.0 27.1 0.30 3.45 0.36 −0.19 0.86 

2040 2400.0 128.3 36.9 27.4 −0.36 45.8 45.3 0.54 1.75 0.16 −0.26 0.71 
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. Conclusions 

This study investigated flow boiling critical heat flux (CHF) of 

PFH in a rectangular channel with single- and double-sided heat- 

ng for subcooled inlet conditions in microgravity. Experiments 

ere conducted as the first phase of the Flow Boiling and Con- 

ensation Experiment (FBCE) with the Flow Boiling Module (FBM) 

nstalled, for over a period of ∼6 months onboard the International 

pace Station (ISS). The database covered a wide range of mass 

elocities and inlet subcoolings at two pressure ranges for both 

ingle- and double-sided heating of rectangular channel. Key con- 

lusions of this study are: 

(1) High-speed-video flow visualization of the FBM’s heated 

section surrounding CHF was used to explain experimen- 

tal trends and describe the physical mechanism of CHF ob- 

served in microgravity. Additionally, operating conditions, 

that resulted flow reversal and disrupted typical flow be- 

havior leading up to CHF, were identified. These were most 

prominent at low mass velocities and large degrees of inlet 

subcooling. 

(2) The parametric effects of various operating conditions were 

investigated for both single- and double-sided heating. For 

both heating configurations, q" CHF was strongly dependent 

on and increased monotonically with mass velocity. Trends 

with respect to inlet subcooling were more complex. In- 

creases in inlet subcooling at high inlet subcooling re- 

sulted in larger q" CHF , while variation in inlet subcooling 

showed a negligible effect on q" CHF near saturation. De- 

pending on the inlet subcooling, either single- or double- 

sided heating yielded greater q" CHF at low mass velocity. 

However, increasing G converged q" CHF for the two heating 

configurations. 

(3) Generally q" CHF decreases with increasing x e,out until a cer- 

tain point, depending on mass velocity, where q" CHF be- 

comes insensitive to x e,out . Non-dimensionalizing heat flux 

reinforces conventional trends observed with respect to 

mass velocity and subcooling. 

(4) The new microgravity CHF data was compared against CHF 

data for vertical upflow in Earth gravity. For single-sided 

heating, CHF in μg e was consistently lower than in 1g e for 

all mass velocities, and severely degraded at low mass ve- 

locity, with diminishing differences at as mass velocity is in- 

creased. For double-sided heating, less significant differences 

in CHF were observed between the two gravitational envi- 

ronments throughout the entire mass velocity range. 

(5) Conventional prediction methods of flow boiling q" CHF were 

assessed for the ISS database. A brief correlation assess- 

ment was performed with available correlations that have 

already proven capable for flow boiling in microgravity. The 

best performing correlation was one by the present authors 

[50] with an overall MAE of 18.46%. 

(6) Flow patterns observed during flow visualization resembled 

those described in the Interfacial Lift-off model. The model 

performed reasonably well with an overall MAE of 23.02%, 

outperforming most correlations. 
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