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a b s t r a c t 

This study investigates critical heat flux (CHF) for subcooled flow boiling of n-Perfluorohexane based on 

results of pre-launch Earth-gravity Mission Sequence Tests (MSTs) of the Flow Boiling and Condensation 

Experiment (FBCE), which was launched to the International Space Station (ISS) in August 2021. CHF mea- 

surements were made in a rectangular channel having a 2.5 mm by 5 mm cross-section and a 114.6-mm 

long heated segment. Both single-sided and double-sided heating were tested in vertical upflow in Earth 

gravity for a variety of inlet conditions. The inlet subcooling was varied in the range of 0.4 – 32.0 °C and 

encompassed both near-saturated and highly subcooled conditions. Experimental trends and high-speed 

video records were investigated to better understand the mechanism of CHF. Overall trends show CHF 

increases as flow rate and/or inlet subcooling are increased. Flow features from the events around CHF 

justify the applicability of the Interfacial Lift-off Model and the determination of limiting criteria for its 

application. The present experimental data are combined with prior databases for various flow orienta- 

tions with respect to Earth gravity and microgravity data collected on parabolic flights. Predictions are 

made using the Interfacial Lift-off Model for this consolidated subcooled-inlet FBCE-CHF database. A heat 

utility ratio was included in the model to capture the effects of subcooling and corresponding thermo- 

dynamic non-equilibrium. An overall mean absolute error of 19.04% indicates good predictive capability 

of the model for both heating configurations, different gravity environments, and a wide range of inlet 

subcooling. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

.1. Two-phase systems in future space missions 

Future space missions will dwarf those of the past and present 

ith respect to scope, size, complexity, and duration. Accompa- 

ying new, expansive missions will be unique technological chal- 

enges such as the need to reduce size and weight of thermal man- 

gement systems while improving performance. Heat dissipation 

s commonly handled by single-phase cooling systems which rely 

olely on a fluid’s sensible heat. In contrast, two-phase thermal 
∗ Corresponding author. https://engineering.purdue.edu/BTPFL. 
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anagement systems offer the advantage of utilizing the working 

uid’s both sensible and latent heat. This results in massive im- 

rovements to heat transfer coefficients when compared to tradi- 

ional single-phase systems. The increased heat transfer effective- 

ess allows the smaller, lighter, two-phase systems to accomplish 

he same amount of heat removal as their bulkier single-phase 

ounterparts. Two-phase systems have the potential to play a ma- 

or role in reducing the size of future onboard thermal control sys- 

ems (TCSs), which maintain the environment inside a space ve- 

icle, and Rankine power cycles coupled with fission power sys- 

ems, which demand very high power to mass ratios and look to 

e integral in future space missions [ 1 , 2 ]. Implementing two-phase 

hermal management in these applications would involve numer- 

us boiling and condensation processes. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122241
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.122241&domain=pdf
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Nomenclature 

A channel cross-sectional area; area 

b ratio of wetting front length to wavelength 

C 1 , C 2 , C 3 constants 

c wave speed 

c p specific heat at constant pressure 

D hydraulic diameter 

f friction factor 

G mass velocity, ˙ m /A 

g gravitational acceleration 

g e gravitational acceleration on Earth 

H height of channel 

h enthalpy 

h fg latent heat of vaporization 

�h sub h f - h b 
k wave number; thermal conductivity 

L length 

˙ m mass flow rate 

N number of data points 

P perimeter 

p pressure 

q" heat flux 

q" CHF critical heat flux 

Re Reynolds number 

T temperature 

�T sub fluid subcooling, T sat – T f 
t time 

u mean phase velocity; velocity 

W width of channel 

x flow quality 

x e thermodynamic equilibrium quality 

y coordinate normal to interface 

z axial coordinate along flow direction 

z o axial location where vapor velocity just exceeds 

liquid velocity 

z ∗ axial location for determining vapor layer thick- 

ness and critical wavelength 

Greek symbols 

α void fraction 

�fg evaporation rate per unit axial distance 

δ mean vapor layer thickness 

ε heat utility ratio 

η interfacial perturbation 

θ orientation angle of channel 

λ wavelength 

μ dynamic viscosity 

ρ density 

ρ" modified density 

σ surface tension 

τ shear stress 

Subscripts 

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

b local bulk liquid 

c critical 

d development 

e exit 

exp experimental 

f saturated liquid; bulk fluid 

g saturated vapor 

h heated 

i interfacial 
s

2 
in inlet 

k either liquid ( f ) or vapor ( g ) 

n normal to heated wall 

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 

FBCE Flow Boiling and Condensation Experiment 

FBM Flow Boiling Module 

ISS International Space Station 

MAE Mean Absolute Error (%) 

MST Mission Sequence Testing 

The Purdue University Boiling and Two-Phase Flow Laboratory 

PU-BTPFL) has spent decades investigating a variety of boiling 

chemes. They include capillary flow [3] , pool boiling [4] , falling 

lm [5] , macro-channel flow boiling [6] , micro-channel flow boil- 

ng [7–9] , spray cooling [10] , jet impingement cooling [ 11 , 12 ],

nd hybrid of combinations of the other configurations [13] . Each 

cheme offers performance merits, but also suffers certain short- 

omings. However, implementing a two-phase thermal manage- 

ent system in a space vehicle comes with unique design con- 

traints. The ability to operate reliably in a closed loop in micro- 

ravity renders both jets and sprays unfavorable. Jets, for example, 

emand very high flow rates and pose the possibility for surface 

amage due to impact and erosion. And, with sprays, it is difficult 

o manage separation of liquid and vapor following impact. Pool 

oiling is ineffective in microgravity environments due to its re- 

iance on body force to remove vapor from the heated wall and is 

herefore prone to very low critical heat flux (CHF) values, q" CHF , 

n microgravity as vapor coalescences unabated along the heated 

all [14] . On the other hand, flow boiling remains a viable config- 

ration for thermal management in microgravity. Unlike the afore- 

entioned schemes, flow boiling relies on flow inertia to flush va- 

or away from the heated wall while operating in a fully closed 

oop and requires relatively low pumping power. 

A plethora of information exists regarding flow boiling and its 

erformance in terrestrial gravity. However, more information is 

equired to optimally implement flow boiling systems in micro- 

ravity, where the effect of body force is greatly diminished, and 

ow behavior will differ from that in Earth gravity. This may im- 

act the accuracy and applicability of many existing databases, cor- 

elations, and models that were produced in a terrestrial environ- 

ent. In order to be confident of system performance in space, it 

s a necessity to obtain flow boiling data in a reduced gravity envi- 

onment to better understand the effects of gravity on heat trans- 

er and flow physics. 

.2. Subcooled flow boiling 

Heat transfer characteristics of a boiling flow are strongly de- 

endent on the operating conditions of the system. One parame- 

er that can greatly influence the mechanisms of heat transfer is 

nlet quality. In a flow boiling system, the fluid enters either as 

 subcooled single-phase liquid (be it highly subcooled or near- 

aturated) or a two-phase saturated mixture. A fluid that enters in 
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ither a saturated or near-saturated state will predominantly han- 

le heat dissipation by liquid vaporization. Here, the exact mecha- 

ism will change as quality increases along the streamwise direc- 

ion. In lower quality regions, heat dissipation will be in the form 

f bubble nucleation at the heated wall. As the vapor quality in- 

reases, the flow regime transitions from bubbly to slug or churn 

nd eventually annular. At this point, the dominant mechanism of 

eat transfer becomes evaporation at the liquid-vapor interface. 

Highly subcooled inlet conditions involve a more complicated 

eat transfer process as a portion of the channel will be occu- 

ied by the subcooled boiling regime. In this regime, heat dissipa- 

ion occurs as a combination of single-phase forced convection and 

ubble nucleation [15–17] . It is also common for vapor bubbles to 

ondense back to liquid as they drift into the subcooled core of 

ulk liquid. The exact portion of heat transfer each component is 

esponsible for will vary as the bulk temperature of the flow is in- 

reased. Up until the onset of nucleate boiling (ONB), only liquid 

ill be present in the channel and heat transfer is entirely facili- 

ated by single-phase forced convection. The subcooled flow boil- 

ng region itself can be demarcated based on the physics within 

he channel [18–20] . Downstream of ONB, the partially developed 

oiling (PDB) region is entered, where more nucleation sites be- 

ome active, and the influence of single-phase forced convection 

ecreases. In PDB, the bubbles remain attached to the wall and 

ight slide along it. Bubbles are constrained from getting much 

arger due to the large condensing effect of the subcooled bulk liq- 

id. As the liquid’s subcooling decreases, the point of net vapor 

eneration (NVG) [21] is reached, and bubbles are capable of de- 

aching from the wall and entering the core. This point typically 

eflects the achievement of fully developed boiling (FDB), where 

he influence of single-phase convection is negligible. The departed 

ubbles keep shrinking as they enter deeper into the subcooled 

iquid and condense. The flow will remain subcooled until the bulk 

iquid is able to reach saturation temperature. 

.3. Critical heat flux 

Perhaps the most important design parameter when it comes 

o heat-flux-controlled two-phase thermal management systems is 

HF [22] , which acts as the upper limit to the nucleate boiling 

egime. During nucleate boiling, liquid along the heated wall is 

aporized causing the formation, growth, and departure of vapor 

ubbles. As bubbles move away from the wall, they are rapidly re- 

laced by the bulk liquid in a cyclical manner. This process yields 

igh heat transfer coefficients and relatively low surface temper- 

tures making it the ideal operating range for efficient heat dis- 

ipation. Nucleate boiling is sustained up until CHF, which occurs 

hen the bulk liquid is no longer able to access the heated wall 

nd bubble nucleation at the wall comes to a halt. The heat dis- 

ipation mechanism then shifts to film boiling, in which, a layer 

f vapor occupies the region adjacent to the heated wall. Heat is 

ransferred through the vapor to the interface where evaporation 

ccurs, however, due to the low thermal conductivity of vapor, wall 

emperatures are drastically higher than those in the nucleate boil- 

ng regime. The transition from the nucleate to film boiling regime 

s abrupt and manifests as a rapid unsteady rise in surface temper- 

ture as heat transfer coefficients plummet. This leads to overheat- 

ng, burn out, and system failures. 

Due to the catastrophic nature of CHF, the development of de- 

ign tools to predict CHF is of the utmost importance. Researchers 

ave aimed to accomplish this through two main avenues. First 

re readily available empirical correlations based off experimen- 

al data. Correlations have their limitations, and their application 

s not always appropriate. Many correlations are developed for a 

imited range of fluids, operating conditions, and geometries. Be- 

ause of this, extrapolation of correlations to previously untested 
3 
perating conditions can be unpredictable and result in wild inac- 

uracies [ 22 , 23 ]. 

The other avenue used for CHF prediction is analytical mod- 

ls. These are derived from the underlying mechanisms of CHF and 

re coupled with empirical constants to obtain closure. Analytical 

odels generally have broader applications than most correlations, 

owever, they are scarcely available in the literature. Some avail- 

ble models are Boundary Layer Separation, Bubble Crowding, Sub- 

ayer Dryout , and Interfacial Lift-off. The Boundary Layer Separation 

odel developed by Kutateladze and Leont’ev [24] utilizes an anal- 

gy between vapor effusion from the heated wall and gas injection 

nto a liquid boundary layer. As the gas velocity is increased to a 

ritical value, the velocity gradient near the wall will decrease and, 

he boundary layer separates from the wall. This is compared to 

apor effusion during flow boiling reaching a production rate that 

revents liquid replenishment at the wall triggering CHF. The Bub- 

le Crowding Model developed by Weisman and Pei [25] postulates 

hat CHF occurs when vapor production results in a dense bubbly 

ayer adjacent to the heated wall that suppresses turbulent fluctua- 

ions of liquid from accessing the heated wall. The Sublayer Dryout 

odel proposed by Lee and Mudawar [26] considers a vapor blan- 

et that forms near the wall and traps a sublayer of liquid near 

he wall. This sublayer is replenished from the bulk liquid and CHF 

ccurs when the heat dissipation requirements exceed the poten- 

ial of the replenished liquid to dissipate the heat. The Interfacial 

ift-off Model postulated by Galloway and Mudawar [ 27 , 28 ], based 

n extensive visual observation, describes a wavy vapor layer along 

he heated wall. The troughs of the interfacial waves, termed wet- 

ing fronts, allow liquid access to the heated wall where intense 

oiling occurs as it propagates down the heated wall. CHF is postu- 

ated to occur when vapor momentum at the wetting fronts causes 

t to lift off the wall and boiling is impeded. 

Zhang et al . [29] attempted to encapsulate the effect subcool- 

ng will have on CHF by the development of a heat utility ratio. 

he heat utility ratio is meant to describe the partitioning of heat 

ransferred to the fluid in forms of sensible and latent heat. The 

eveloped correlation is based on experimental CHF results from 

heir own study as well as Sturgis and Mudawar [ 30 , 31 ]. Through

he incorporation of the heat utility ratio, Zhang et al . [29] and 

harangate et al . [32] were able to achieve success in predicting 

he effects of subcooling. 

.4. Objectives of present study 

The present study is part of PU-BTPFL and NASA Glenn Research 

enter’s collaborative Flow Boiling and Condensation Experiment 

FBCE), that will collect invaluable flow boiling and condensation 

ata in microgravity on the International Space Station (ISS). This 

tudy aims to investigate CHF for subcooled flow boiling of nPFH 

n Earth gravity. The results of the pre-launch Earth-gravity ex- 

eriments (called Mission Sequence Testing; MST) of FBCE’s Flow 

oiling Module (FBM), which was launched to the ISS in August 

021, are presented. The flow configuration is vertical upflow boil- 

ng with both single-sided and double-sided heating; reasons for 

hoosing these configurations are given in detail in [33] . Essen- 

ially, (i) vertical upflow yields the highest q" CHF in Earth gravity 

nd is most similar to microgravity with respect to flow symme- 

ry within the channel and (ii) single- and double-sided heating 

ere experimented to enable simultaneous visualization of flow 

oiling while heating and to observe the evolution of vapor layer 

ith and without any interaction from other walls (note that heat- 

ng more than two walls would induce more three-dimensionality 

o the flow and diminish the quality of visualization. The inter- 

acial lift-off model is adopted to make predictions for a consol- 

dated subcooled-inlet FBCE-CHF database of this MST data and 

ome older FBCE databases [ 32 , 34 ]. 
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Fig. 1. Schematic representations of (a) overall construction of Flow Boiling Module (FBM), (b) construction of heating slabs, and (c) substrate temperature measurement. 
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. Experimental methods 

.1. Flow boiling module 

A schematic diagram of the overall construction of the Flow 

oiling Module (FBM) is shown in Fig. 1 (a). The FBM is mainly 

omprised of three transparent polycarbonate plates sandwiched 

ogether between two aluminum support plates. The support 

lates offer structural integrity to the FBM, helping prevent buck- 

ing and evenly spreading out bolting stresses. The flow channel is 
4 
ormed by milling a 5.0-mm deep and 2.5-mm wide rectangular 

lot into the middle polycarbonate plate. The flow channel is made 

p of three sections: an upstream 327.7-mm development length, a 

iddle 114.6-mm heated length, and a downstream 60.7-mm exit 

ength. The development length serves to allow the flow to be- 

ome hydrodynamically fully developed before it enters the heated 

ection. The heated length is made by inserting two oxygen-free 

opper heating slabs into the middle plate on opposite sides of 

he flow channel. The other two channel walls within the heated 

ength are made of polycarbonate for flow visualization and as- 
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Fig. 2. Schematic diagram of experimental two-phase flow loop. 
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umed to be adiabatic during data analysis. Each heating slab is of 

imensions 114.6-mm length, 15.5-mm width, and 1.04-mm thick- 

ess, and one side of each slab is in contact with the fluid and

orms the heating surface. As shown in Fig. 1 (b), on the other side

f each slab are affixed a set of six thick-film resistive heaters of 

imensions 16.4-mm length, 4.5-mm width, and 0.56-mm thick- 

ess in series. This is done by soldering with a 96% tin and 4% gold

omposition. Each successive heater is separated by 0.9 mm to al- 

ow for the placement of substrate thermocouples. The heaters are 

hemselves made of an aluminum oxide substrate with a 188- 

esistive layer on its underside stretched between two solder pads. 

niform heat flux distribution across the heating surface is ensured 

y using heaters with the exact identical electrical resistance and 

iring them in parallel to a DC power supply. This heated wall de- 

ign allows for fast temperature response and accurate CHF mea- 

urement [ 35 , 36 ]. A maximum of 175 W power can be supplied to

ach heating slab. 

The fluid entry and exit ports of the FBM are placed at 90 ° an-

les to the flow channel, but any large eddies are broken up and 

ow streamlines straightened out by affixing a honeycomb core 

lose to the inlet. All solid-solid interfaces within the FBM are 

ade leak-proof by using NBR, HNBR, and neoprene O-rings. 

.2. Flow loop 

Fig. 2 shows a schematic of the two-phase flow loop used to 

upply the working fluid, normal-Perfluorohexane (nPFH), at con- 

itions desired at the FBM inlet. A magnetically-coupled internal 

ear pump positively displaces the fluid in pure liquid state. A by- 

ass relief valve is provided across the ends of the pump and set 

o crack open if the pressure at the pump exit is higher than that 

t the pump inlet by more than 29.00 psid (199.95 kPa). Another 

elief valve is provided in parallel as a backup and cracks open at 

0.00 psid (206.84 kPa). The liquid then passes through a Corio- 

is flow meter, where its flow rate is measured, and feedback is 

iven to the pump so that its speed of rotation can be adjusted to 

eliver the desired flow rate. After passing through a filter, where 
5 
ny possible impurities in the fluid are removed, the flow enters 

he preheater (also called the Bulk Heater Module; BHM), where 

 substantial amount of heat is added to the fluid to adjust the 

uid’s temperature and void fraction (in some cases), and thereby 

he FBM inlet quality. The preheater is equipped with a set of 

C-powered heaters and instrumented with both thermocouples 

nd Resistance Temperature Detectors (RTDs) that shuts down all 

eaters in case the heating surface exceeds 130 °C or the down- 

tream fluid 100 °C for safety. The fluid enters the FBM as either a 

ubcooled liquid or saturated two-phase mixture, gains heat, and 

xits the FBM as either a subcooled liquid or two-phase mixture. 

ll heat gained by the fluid is lost in a fluid-to-water stainless- 

teel tube-in-tube heat exchanger (with a spiral finned inner tube) 

o a condensing water loop and exits in a subcooled state. This 

uid is thoroughly mixed in a static mixer to ensure thermody- 

amic uniformity and the condensation of any possible vapor bub- 

les. The fluid in a highly subcooled pure liquid state re-enters the 

ump. 

An accumulator, which helps maintain a set reference pressure 

oint and avoid two-phase instabilities in the loop [37] , is con- 

ected to the main flow loop at a T-junction located immediately 

ownstream of the static mixer. Within the stainless-steel accumu- 

ator, most of the fluid is stored on one side of stainless-steel bel- 

ows, whereas the other side is filled with air, the pressure and 

olume of which is controlled by an air pump and a vent valve. A 

elief valve is provided on the air-side for safety purposes and is 

et to crack open at 20.00 psig (137.90 kPa difference across ends). 

A degassing contactor, used to degas the fluid (i.e., remove all 

on-condensable gasses from the fluid) and enhance the accuracy 

f collected two-phase data, is provided parallel to the section of 

he flow loop between the above-mentioned T-junction and the 

ump. Its main component is a semi-permeable membrane; the 

uid flows on one side and vacuum is applied on the other side 

sing a vacuum pump. 

Most valves in the flow loop are solenoid actuated to allow for 

emote operation. The secondary water loops are equipped with 

heir own flow meters, valves, flow controllers, pressure transduc- 
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rs, and RTDs, all of which are essential to the operation of the 

ntire flow loop, but the details are outside the scope of this study. 

.3. Instrumentation and measurement uncertainty 

As shown in Fig. 2 , five local pressure measurements are made 

ithin the FBM using absolute pressure transducers: one each near 

he inlet and outlet, and three at intermediary locations within the 

evelopment length. Fluid temperatures very close to the FBM in- 

et and outlet are measured using type-E thermocouples sticking 

nto the flow. As shown in Figs. 1 (b) and 1(c), seven local substrate

emperatures are measured for each heating slab at equidistant lo- 

ations along the flow direction using two sets of seven type-E 

hermocouples inserted into shallow holes (resembling hemispher- 

cal indentations). One set is used for data collection and software 

eset at 122 °C, usually an aftermath of CHF. The other set is part

f the hardware safety circuitry, and it provides feedback to a re- 

ay that shuts down both the BHM and FBM heaters in case any 

emperature exceeds 132 °C and the software reset fails. Local pres- 

ures and temperatures are measured and monitored at numerous 

oints of the flow loop using pressure transducers and both ther- 

ocouples and RTDs, respectively. 

To enable conducting both single-sided and double-sided 

eated wall experiments, DC power can be supplied to either one 

r both heating slabs independent of each other. Both the current 

nd voltage of DC power input to each set of FBM heaters and the 

reheater heaters are measured. Flow rate is measured in a Coriolis 

ow meter of range 0 – 60 g/s. 

All temporal sensor output signals are collected and measured 

sing a set of two data acquisition systems (2 DAQs; one for ther- 

ocouple data and the other for other sensors). The housekeeping 

ata are recorded at a rate of 1 Hz, and during FBM runs, at an in-

reased rate of 5 Hz. The DAQ and all other instruments (including 

olenoid valves) are controlled by in-house FBCE flight software. 

Maximum uncertainties in the measurements of temperature 

using thermocouples), temperature (using RTDs), absolute pres- 

ure, FBM heater power, preheater power, and flow rate are ±0.5 °C, 

0.5 °C, ±0.7 kPa, ±0.3% of reading, ±0.6% of reading, and ±0.6% of 

eading, respectively. Approaching CHF, the incremental increase in 

eat flux is less than 2 W/cm 

2 . As discussed in the following sec-

ion, the recorded q" CHF is an average between the heat flux result- 

ng in an excursion of wall temperatures and the previous steady 

tep. This yields a CHF isolation error (difference between the true 

" CHF and the q" w 

which triggered CHF) of ∼1 W/cm 

2 . However, 

 cases exist in which the final step was greater than 2 W/cm 

2 ;

he maximum CHF isolation error experienced in these cases is 

4 W/cm 

2 . 

.4. Flow visualization techniques 

FBM’s design, especially the transparency of the polycarbonate 

lates, provides excellent optical access to the boiling flow within 

he heated section. All three polycarbonate plates were vapor pol- 

shed to minimize vignetting effects to those produced solely by 

he opaque copper heaters and O-rings necessary to seal the test 

odule. High-speed photography techniques are used to record the 

ntricate features of two-phase flows and capture events that lead 

o CHF for each operating condition. 

The high-speed camera is equipped with a F#0.95–25 mm fo- 

al length lens and captures photographs of resolution 2040 × 164 

ixels at a frame rate of 20 0 0 frames/s and a shutter speed of 10

s. Based on verification test data, the actual spatial resolution 

chieved by the imaging system is better than 100 μm. The op- 

osite transparent wall is backlit with blue light emitting diodes 

LEDs) and a light-shaping diffuser with an intermediate sheet of 
6 
eflon required due to the extremely short light transmission dis- 

ance. 

The heat generated by the high-speed camera during operation 

s removed from a respective cold plate by cooling water fed from 

n external source (for the future ISS experiments, this would be 

he ISS cooling water). 

.5. Operating procedure 

As already mentioned, the ultimate goal of the present exper- 

mental setup is to be installed and tested onboard the ISS, and 

ence, its operation will have to be done remotely. After installa- 

ion, the entire test matrix will be completed in space without any 

n-person intervention, and both sensor-measured data and pho- 

ography data will be sent to the personnel on Earth. This study, 

eporting data from the MST (the final set of vertical upflow ex- 

eriments in Earth gravity), was conducted in the same manner as 

t will be aboard the ISS. 

The fluid is degassed before the start of testing and at regular 

ntervals thereafter as needed. For each boiling curve, the FBM in- 

et conditions (flow rate, inlet pressure, inlet subcooling, and inlet 

uality) are set and the flow loop allowed adequate time to reach 

hem. Power is supplied to one or both FBM heating slabs in small 

ncrements from zero until CHF is reached. Each increment is for a 

xed time period of 120 s, which has been deemed to be sufficient 

o attain steady-state in prior studies [ 35 , 36 ] of nucleate boiling in

BM. This was later verified from preliminary testing for this study. 

lthough CHF is defined as the heat flux increment which leads to 

n unsteady rise in surface temperature, for safety and consistency, 

HF is designated as the heat flux increment which causes at least 

ne of the slab thermocouples to exceed 122 °C. FBM heater power 

s brought down to a minimum power level by FBCE software as 

oon as a temperature of 122 °C, recorded by any of the data ther- 

ocouples, is reached. A hardware shutdown of all heaters is in- 

oked at 132 °C as a safety precaution both to prevent any dam- 

ge to the FBM and to avoid the breakdown of nPFH, which might 

ead to the formation of the toxic substance perfluoroisobutene 

PFiB). Temporal data from all sensors and high-speed images are 

ecorded. The above procedure is repeated for other predetermined 

BM inlet conditions. 

.6. Data processing and operating conditions 

The latest 20 s of the temporal data of the heat flux increment 

receding CHF are averaged to obtain the steady-state operating 

onditions corresponding to CHF; more details are available in [33] . 

he measured local substrate temperatures, T tc , are first translated 

nto surface temperatures, T w 

, by accounting for the minor copper 

onductive resistance between the two points. By assuming both 

 constant heat flux across the heating slab and one-dimensional 

eat conduction through the thickness, this is done as 

 w 

= T tc − q ′′ w 

H tc 

k s 
, (1) 

here q" w 

is heat flux, H tc conduction height ( = 0.483 mm), and 

 s pure copper conductivity. These surface temperatures are desig- 

ated as T wa,z , where wa is the heated wall ( w 1 or w 2) and z the

treamwise measurement location (1 upstream through 7 down- 

tream) as shown in Fig. 1 (c). 

The fluid enthalpy at FBM inlet is determined as 

 in = h | T in , p in , (2) 

here T in and p in are the FBM inlet fluid temperature and pressure, 

espectively. And the fluid enthalpy at FBM outlet is determined 

rom an energy balance as 

 out = h in + 

q ′′ w 

P h L h 
, (3) 
˙ m 
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Table 1 

Summary of MST CHF data points with subcooled inlet conditions. 

Single-Sided Heating Double-Sided Heating 

Mass velocity, G 180 – 3200 kg/m 

2 s 180 – 3200 kg/m 

2 s 

Mass flowrate, ˙ m 2.25 – 40.00 g/s 2.25 – 40.00 g/s 

Inlet pressure, p in 119.9 – 171.1 kPa 125.4 – 190.8 kPa 

Inlet temperature, T in 34.3 – 71.6 °C 35.8 – 73.0 °C 
Inlet subcooling, �T sub,in 0.4 – 31.6 °C 0.9 – 32.0 °C 
Inlet quality, x e,in −0.420 – −0.003 −0.445 – −0.003 

Outlet pressure, p out 113.2 – 167.9 kPa 120.7 – 172.3 kPa 

Outlet temperature, T out 39.9 – 71.4 °C 45.2 – 72.1 °C 
Outlet subcooling, �T sub,out 0 – 20.5 °C 0 – 17.1 °C 
Outlet quality, x e,out −0.222 – 0.200 −0.198 – 0.457 

Critical heat flux, q" CHF 14.2 – 50.6 W/cm 

2 14.2 – 43.6 W/cm 
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here ˙ m is the mass flow rate through the FBM. For the two heat- 

ng configurations used in this study, the heated perimeters are 

 h = 

{
2 W, double-sided heating 
W, single-sided heating 

, (4) 

here W is the channel width. Thermodynamic equilibrium qual- 

ties at the FBM inlet and outlet are determined from the relation 

 e = 

h − h f 

∣∣
p 

h f g 

∣∣
p 

, (5) 

here h = h in or h out is the actual fluid enthalpy at the module

nlet/outlet, and both h f , the enthalpy of the saturated liquid, and 

 fg are based on the measured inlet/outlet pressure. 

q" CHF is determined by averaging the heat flux that caused the 

emperature excursion and the previous steady heat flux. This is 

one because the true q" CHF will fall somewhere between the pre- 

ious steady increment and the new unstable one. However, the 

perating conditions corresponding to CHF are taken from the 

teady heat flux increment directly before CHF. This is because 

he operating conditions at the next heat flux that undergoes CHF 

ever reach a steady period that can be used for averaging. 

All thermophysical properties of nPFH are obtained from NIST- 

EFPROP [38] . Important parameter ranges for the CHF data points 

rom MST experiments with subcooled inlet are reported in Table 1 

or single- and double-sided heating separately. 

. Experimental CHF results 

.1. Flow visualization results 

Throughout data collection, high speed photographic images of 

he test section’s heated length were recorded with the goal to 

apture events leading up to and initiating CHF. Images are cap- 

ured for both single-sided and double-sided heating for a variety 

f operating conditions. The focus of the images presented is the 

nterfacial behavior just prior to CHF (indicated as CHF–), as CHF 

ccurs and excursions of wall temperatures begin (CHF transient), 

nd post CHF occurring as wall temperatures continue to increase 

indicated as CHF + ). The following results justify the applicability 

f the Interfacial Lift-off Model used to predict CHF in section 4. 

.1.1. Single-sided heating at high mass velocities 

Fig. 3 shows sequential images recorded around CHF for 

ingle-sided heating with G = 1600 kg/m 

2 s, p in = 130.3 kPa, 

T sub,in = 4.6 °C, x e,in = −0.062, and a resulting CHF value of 

" CHF = 36.74 W/cm 

2 . The time elapsed between consecutive im- 

ges in Fig. 3 , and all other figures unless noted otherwise, is 

.5 ms ( i.e ., every third photographed image). As shown in the im- 

ges corresponding to CHF–, near-saturated liquid enters the chan- 

el and vaporizes quickly along the heated wall at the leading 
7 
dge. The vapor patches slide along the channel wall and grow as 

oiling ensues. However, in the upstream region, distinct gaps re- 

ain between vapor patches. The gaps between vapor patches, or 

etting fronts, allow liquid to access the heated wall and boil. Dur- 

ng the CHF transient, as boiling persists in the wetting fronts, va- 

or production eventually prevents liquid access to the heated wall 

nd the wetting front lifts off the wall. Lift-off initiates at the wet- 

ing front furthest downstream and causes heat to be conducted 

o other nearby wetting fronts. This results in a chain reaction as 

he adjacent upstream wetting front undergoes lift off. At CHF + , 

t is observed that wetting fronts farther upstream have been ex- 

inguished resulting in a continuous wavy vapor layer next to the 

all. The process of successive wetting fronts lifting off the heated 

all brings boiling to a halt and is determined to be the trigger 

echanism that causes CHF. 

Fig. 4 shows sequential images recorded around 

HF for single-sided heating with G = 3200 kg/m 

2 s, 

 in = 138.6 kPa, �T sub,in = 7.4 °C, x e,in = −0.100, and a re- 

ulting q" CHF = 41.73 W/cm 

2 . Similar physical details are seen 

etween CHF–, CHF transient, and CHF + as those captured in 

ig. 3 . At CHF–, wetting fronts are bountifully present in the 

pstream portion of the channel. As CHF is initiated, seen in 

HF transient, wetting fronts are extinguished along the heated 

all until CHF + , where a continuous wavy vapor layer occupies 

uch of the heated wall. Compared to the images shown in 

ig. 3 with a lower flowrate, the mean thickness of the vapor 

atches is thinner in Fig. 4 . It is also observed that the length

f vapor patches, and thus distance between wetting fronts or 

avelength of the liquid-vapor interface, decreases when com- 

ared to the lower flow rate case in Fig 3 . This is particularly 

oticeable in the upstream region of the channel where the mean 

apor layer thickness is relatively small compared to the height 

f the channel. The increased number of wetting fronts, and 

ecreased wavelength of the interface, promote heat removal from 

he wall, which results in a higher q" CHF than the case depicted in 

ig. 3 . 

.1.2. Double-sided heating at high mass velocities 

Fig. 5 shows sequential images recorded around 

HF for double-sided heating with G = 1600 kg/m 

2 s, 

 in = 153.3 kPa, �T sub,in = 8.2 °C, x e,in = −0.113, and a result- 

ng q" CHF = 37.80 W/cm 

2 . At CHF–, vapor formation has initiated 

he formation of a wavy vapor layer along both heated walls, 

lbeit with some asymmetry resulting from one or more of the 

ollowing reasons, i) minute differences in wall heat applied to the 

pposite walls, ii) a very slight tilt of the FBM, or iii) microscopic 

mperfections on one wall causing preferential vapor formation. 

he patches of vapor and wetting fronts propagate downstream 

ntil the vapor layers on each wall grow large enough to merge 

ith one another and interfacial curvature is lost. During CHF 

ransient, one of the walls, in this case the left, experiences CHF 

s its wetting fronts begin to extinguish. By the end of CHF 

ransient and into CHF + , the entire wall is coated by a wavy 

apor layer as all wetting fronts lifted off the wall. However, again 

ue to the minute asymmetry, the opposite heated wall still has 

ome wetting fronts intact upstream and cooling proceeds. The 

rocess exhibited in Fig. 5 shows the mechanism of CHF for the 

ouble-sided heating configuration, even with a relatively high 

nlet pressure, agrees with the mechanism shown in Figs. 3 and 4 . 

.1.3. Single- and double-sided heating at low mass velocities 

Fig. 6 (a) −(d) show sequential images during CHF transient for 

 = 200 kg/m 

2 s and highly subcooled single-sided heating, highly 

ubcooled double-sided heating, near-saturated single-sided heat- 

ng, and near-saturated double-sided heating, respectively. One no- 

able difference between the images shown for these relatively low 
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Fig. 3. Sequential images during CHF–, CHF transient, and CHF + for G = 1600 kg/m 

2 s, p in = 130.3 kPa, �T sub,in = 4.6 °C, x e,in = −0.062, and q" CHF = 36.74 W/cm 

2 with 

single-sided heating. The interval between successive images in all sequences is 1.5 ms. 
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ass velocity cases and the high mass velocity cases in Figs. 3–5 is 

he impact of weak flow inertia. A distinct difference between the 

equences in Fig. 6 and those in the previous figures is absence of 

 distinct wavy vapor layer that forms near CHF and eventual wet- 

ing front lift off for most conditions. These differences are closely 

elated to the relatively weak inertial effects in Fig. 6 , which sug- 

ests the physical mechanism causing CHF is different from that in 

igs. 3–5 . 

For the highly subcooled single-sided heating case, Fig. 6 (a), rel- 

tively small patches of vapor are observed moving through the 

hannel along the heated wall. Significant amounts of vapor ap- 

ear to be condensing into liquid as some of the vapor detaches 

rom the wall. For the double-sided case shown in Fig. 6 (b), vapor 

atches are present along both heated walls. In the upstream re- 

ion, liquid can access the heated wall in between vapor patches. 

owever, due to the low velocity and increased heat addition from 

oth walls compared to Fig. 6 (a), the vapor patches grow to a 

ore considerable size downstream and the vapor layers merge. 

ompared to previous higher flowrate cases, Figs. 3–5 , fluid trav- 

ls much slower through the channel. As wall temperatures begin 

o rise and CHF occurs, wetting fronts are still present along both 

alls, and a continuous vapor layer does not block liquid access to 

he heated wall as it does in Fig. 5 . In this case, the mechanism of

HF is relatively complex due to the vapor from both heated walls 

erging to form a large vapor entity which occupies the majority 

f the downstream region. Regardless of the wall temperatures ex- 

eeding 122 °C and CHF occurring, wetting fronts are still present 
8 
n the upstream region. Hence, interfacial lift-off is not the mech- 

nism causing CHF for these conditions. 

The near-saturated cases again show different flow characteris- 

ics than those of higher flow rates or higher subcooling. The near- 

aturated cases at low mass velocities are dominated by periodic 

aves of liquid and vapor moving through the channel. Fig. 6 (c) 

hows sequential images, with 200 ms between images, for single- 

ided heating with a near-saturated inlet; choosing a large time 

nterval for this case is intended to capture important periodic 

hanges in flow structure not encountered at other conditions. In 

he first image of this sequence, almost all liquid is present in the 

hannel and only a small amount of vapor is present along the 

eft heated wall. As time progresses, large amounts of vapor can 

e seen in the upstream section of the channel over the next three 

mages. The vapor occupying the upstream region of the test sec- 

ion is a result of non-equilibrium effects occurring within the pre- 

eater convecting into the test section. At the same time, smaller 

aves of vapor can be seen moving quickly though the channel in 

he downstream section as the large patches upstream break up. 

n the final image, again mostly liquid is present in the channel 

s the vapor convects out of the channel. Throughout the entire 

rocess, a thin layer of vapor remains along the heated wall. The 

bserved cycle of varying ratios of liquid and vapor present in the 

hannel resembles the density wave oscillations (a type of two- 

hase flow instability) observed by O’Neill and Mudawar [39] dur- 

ng vertical upflow in the FBM. At certain times, as vapor moves 

hrough the channel and coalesces with the thin layer adjacent to 
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Fig. 4. Sequential images during CHF–, CHF transient, and CHF + for G = 3200 kg/m 

2 s, p in = 138.6 kPa, �T sub,in = 7.4 °C, x e,in = −0.100, and q" CHF = 41.73 W/cm 

2 with 

single-sided heating. The interval between successive images in all sequences is 1.5 ms. 
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he wall, the vapor layer can be seen to locally thicken. A simi- 

ar trend is seen in the sequential images, with 37 ms spacing, of 

ouble-sided heating shown in Fig. 6 (d). The first image depicts 

redominantly liquid in the channel. This is followed by two im- 

ges that show large vapor layers upstream on both heated walls, 

ike the wavy vapor layer seen at higher velocities. However, the 

apor patches on the wall quickly grow towards the middle of the 

hannel and do not slide along the wall. They are also present pe- 

iodically and are not maintained long enough for lift-off to occur. 

ventually, vapor layers merge and propagate through the channel 

s they mix. In the fourth image, the majority of vapor has exited 

he channel and a small amount of vapor is present in the chan- 

el. In the final image, almost all the vapor has been removed. For 

oth near-saturated cases, these cycles repeat leading up to CHF. 

.2. CHF trends 

Figs. 7 (a) and 7(b) show plots of measured q" CHF versus mass 

elocity for vertical upflow with single-sided and double-sided 

eating, respectively. For each heating configuration, the inlet con- 

itions are loosely divided into two subcooling ranges: highly sub- 

ooled for �T sub,in > 10 °C and near-saturated for 0 < �T sub,in ≤
0 °C. In either heating configuration, the highly subcooled range 

xhibits higher q" CHF than the near-saturated for the same mass 

elocity. This is the outcome of the former featuring the ability 

o absorb more of the supplied heat in the form of sensible heat, 

hich is reflected by more superior vapor condensation. For the 
9 
ighly subcooled range, most bubbles are condensed into the bulk 

iquid after detachment or even while attached to the heated wall, 

llowing better liquid access to and replenishment of the heated 

all. Here, some of the wall heat is used up to bring the replen-

shment bulk liquid to the superheat necessary for bubble nucle- 

tion and growth. This behavior is captured in Figs. 6 (a) and 6(b), 

here CHF is associated with formation of rather small and local- 

zed insulating vapor patches (rather than a continuous wavy va- 

or layer). Notice in both Fig. 7 (a) and (b) that, for each subcooling 

ange, q" CHF increases monotonically with increasing mass velocity, 

ith the dependence being more pronounced at lower mass ve- 

ocities. It must be emphasized that higher mass velocity not only 

ncreases the amount of sensible and latent heat of the working 

uid, but also results in higher inertial and shear forces that hasten 

apor removal from the channel. Comparing the results for single- 

ided heating, Fig. 7 (a), to those for double-sided, Fig. 7 (b) shows 

he latter yields lower q" CHF due to vapor structures from both 

alls interacting with one another, in addition to twice the amount 

f heat being supplied to the working fluid for the same heat flux. 

hese q" CHF differences between the two heating configurations are 

arge for highly subcooled inlet where the fluid’s condensing capa- 

ility plays an important role on CHF delayal. With the double- 

ided having weaker condensation due to the fluid’s higher tem- 

erature and larger vapor void fraction, q" CHF is smaller. These ef- 

ects are more pronounced at low flow rates, as confirmed by flow 

isualization; note how the single-sided in Fig. 6 (a) has less vapor 
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Fig. 5. Sequential images during CHF–, CHF transient, and CHF + for G = 1600 kg/m 

2 s, p in = 153.3 kPa, �T sub,in = 8.2 °C, x e,in = −0.113, and q" CHF = 37.80 W/cm 

2 with 

double-sided heating. The interval between successive images in all sequences is 1.5 ms. 
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ithin the channel compared to the double-sided in Fig. 6 (b) for 

imilar operating conditions. 

Fig. 8 (a) and (b) show experimental q" CHF for a subset of a 

onsolidated database, consisting of the new MST data, previously 

ecorded data [32] for a variety of orientations, and micrograv- 

ty data obtained during parabolic flight [34] (both single-sided 

nd double-sided data were measured but only the latter previ- 

usly published and analyzed). The previously recorded data are 

ncluded to further evaluate the effectiveness of the Interfacial Lift- 

ff Model in the upcoming section. The data are again segregated 

y inlet subcooling into either highly subcooled or near-saturated 

using the same ranges of �T sub,in as in Fig. 7 (a) and (b)) and plot-

ed against mass velocity. As expected, q" CHF is shown to increase 

ith increases in mass velocity and/or inlet subcooling. For each 

ange of subcooling in both single-sided and double-sided heating, 

ertical upflow (indicated as ‘up’) yields the largest q" CHF values. 

he vertical upflow orientation generally enhances q" CHF by virtue 

f gravity aiding vapor removal from the heated wall and promot- 

ng liquid replenishment. 

For single-sided heating, Fig. 8 (a), horizontal flow with top-wall 

eating (indicated as ‘top’) resulted in the lowest q" CHF . This can 

e readily explained by the buoyancy causing accumulation of an 

nsulating vapor layer along the top wall. Notice how q" CHF for 

ach subcooling range follows a systematic order: highest for ver- 

ical upflow, followed by horizontal bottom-wall heating (indicated 

s ‘bottom’), and horizontal top-wall heating. Interestingly, for the 

ear-saturated cases, microgravity data are superior to those for 
10 
orizontal top-wall heating, presumably because of the buoyancy 

nduced vapor accumulation along the heated wall for the latter. 

lso, for the near-saturated cases, differences in q" CHF among the 

wo horizontal orientation and microgravity are more pronounced 

t lower mass velocities, where horizontal flow is very sensitive to 

uoyancy effects in the absence of strong inertial effects. However, 

here is gradual diminution of differences in q" CHF with increasing 

ass velocity (as well as indication of convergence of values at the 

ighest mass velocity tested) as inertia increasingly dominates over 

ravity and ultimately dwarfs gravity effects altogether. 

Looking now at the double-sided heating configurations, 

ig. 8 (b), q" CHF is shown to increase monotonically with increas- 

ng mass velocity. Fig. 8 (b) included data for vertical downflow 

indicated as ‘down’) as well. Here too, highest q" CHF is achieved 

ith vertical upflow. For the near-saturated range, horizontal flow 

hows lowest q" CHF while microgravity data fall between those for 

ertical upflow and horizontal flow. The inferior performance for 

he horizontal orientation can be explained by the buoyancy pro- 

oting formation of an insulating vapor layer upon the top heated 

all and triggering CHF along the same wall. For the highly sub- 

ooled range, there are no obvious advantages of horizontal flow 

ersus vertical downflow, both being subject to adverse gravity 

ffects, especially at lower mass velocities. However, q" CHF for all 

ow orientations appear to converge at high mass velocities where 

nertia dominates any gravity effects. This observation has been 

tilized to identify gravity independence criteria for flow boiling 

nd condensation in prior studies [ 40 , 41 ]. 
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Fig. 6. Sequential images of CHF transient for G = 200 kg/m 

2 s and heating configurations of a) highly subcooled single-sided, b) highly subcooled double-sided, c) near- 

saturated single-sided, and d) near-saturated double-sided. Time interval between successive images is indicated below each sequence. 

Fig. 7. MST Experimental CHF results for (a) single-sided heating and (b) double-sided heating. 

11 
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Fig. 8. Experimental CHF results for a subset of the consolidated database for (a) single-sided heating and (b) double-sided heating. 
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. Interfacial lift-off model and predictions 

.1. Rationale 

The Interfacial Lift-off Model is founded on visual evidence of 

hannel flow boiling CHF provided in both the present study 

nd numerous past studies for various combinations of heat- 

ng configurations, inlet conditions, and gravitational environments 

 29 , 34 , 42–49 ]. The key feature found in each of these studies is

he development of a continuous periodic wavy vapor layer that 

orms along the heated wall culminating in CHF. Prior to CHF, the 

apor layer exists as distinct patches of vapor separated by wet- 

ing fronts which correspond to troughs in the wavy vapor layer. 

s CHF commences, the wetting fronts are extinguished, culminat- 

ng in a continuous wavy vapor layer along the heated wall. The 

avy form of the vapor layer is the result of a hydrodynamic insta- 

ility between the two phases moving at different velocities. Visual 

bservation shows intense boiling occurs within the wetting fronts 

uring CHF-. It is postulated that CHF will occur when the momen- 

um of vapor generated in the wetting fronts normal to the heated 

all overcomes the pressure force generated (normal to and point- 

ng toward the wall) by curvature of the interface. At this point, the 

etting front is extinguished and heat that was initially removed 

ithin the wetting front is now transferred axially to the wetting 

ronts upstream, provoking their lift-off as well. Wetting fronts are 

herefore extinguished one after another in a chain reaction, caus- 

ng the boiling process to be halted as a continuous vapor layer 

ncapsulates the heated wall. 

.2. Model description 

The methodology presented in the present paper aims to con- 

olidate CHF predictions for subcooled inlet conditions. This sec- 

ion will give a brief overview of the modeling, assumptions, and 

quations used in the Interfacial Lift-off Model . This model has been 

reviously employed to predict CHF for subcooled inlet conditions 
12 
ith single-sided heating [29] and double-sided heating [34] . The 

im here is to consolidate predictions for both heating configu- 

ations and all levels of subcooling. Similar to the original model 

eveloped by Galloway and Mudawar [ 27 , 28 ], this model encom- 

asses four sub-models which are used to calculate the heat flux 

equired to trigger lift-off of the wetting fronts. Key equations of 

he model can be found in Table 2 for single-sided heating and 

able 3 for double-sided heating, with additional details concern- 

ng momentum conservation for both are provided in Table 4 . 

First, a separated flow model is used to determine axial varia- 

ions of key flow parameters that are utilized in subsequent sub- 

odels. The following assumptions are made in derivation of the 

eparated flow model: (1) the vapor layer is initiated at the lead- 

ng edge of the heated wall, (2) velocity of each phase is uniform 

ithin the channel’s cross-section, (3) pressure is uniform across 

he channel’s entire cross-section, (4) vapor is maintained at the 

ocal saturation temperature, (5) vapor produced at the wetting 

ront does not contribute to the streamwise momentum, and, (6) 

n the case of double-sided heating, equal heat flux is applied to 

ach heated wall. Heating configuration dictates the number of 

ontrol volumes examined in the separated flow model. A free 

ody diagram of the control volumes of length �z used in the 

odel, and corresponding force and momentum terms are shown 

n Fig. 9 for single-sided heating and Fig. 10 for double-sided heat- 

ng. For single-sided heating, one control volume is used for the 

apor layer that forms along the heated wall, and another for the 

ubcooled liquid. For double-sided heating, a control volume is re- 

uired for each of the vapor layers that form along the opposite 

eated walls and another control volume for the subcooled liq- 

id in the middle of the channel. Conservations of mass, momen- 

um, and energy are used to determine axial variations in pres- 

ure, phase velocity, quality, and void fraction. Utilized within the 

onservation of energy is the heat utility ratio, ε, which is used to 

ccount for non-equilibrium effects caused by subcooling and bet- 

er estimate the net amount of vapor being produced within the 

hannel. 
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Table 2 

Summary of equations used in the interfacial lift-off model for single-sided heating. 

Conservation of momentum 

G 2 
d 

dz 

[
x 2 

ρg α

]
= −α

dp 

dz 
− τw,g P w,g 

A 
± τi P i 

A 
− ρg αgsinθ

G 2 
d 

dz 

[
( 1 − x ) 

2 

ρb ( 1 − α) 

]
= −( 1 − α) 

dp 

dz 
− τw,b P w,b 

A 
∓ τi P i 

A 
− ρb ( 1 − α) gsinθ

Local velocity 

u g = 

xG 

ρg α
; u f = 

( 1 − x ) G 

( 1 − α) ρb 

Conservation of energy 
dx 

dz 
= 

ε q ′′ w W 

GA 
[
h f g (z) + �h sub 

]
h b = 

h in − x h g + 

q ′′ w P h 
GA 

z 

( 1 − x ) 

Critical wavelength 

k c = 

2 π

λc 
= 

ρ ′′ 
b ρ

′′ 
g ( u g − u f ) 

2 

2 σ ( ρ ′′ 
b + ρ ′′ 

g ) 
+ 

√ √ √ √ 

[ 
ρ ′′ 

b ρ
′′ 

g ( u g − u f ) 
2 

2 σ ( ρ ′′ 
b + ρ ′′ 

g ) 

] 2 
+ 

( ρb − ρg ) g n 
σ

where ρ ′′ 
b 

= ρb coth ( k ( H − δ) ) and ρ ′′ 
g = ρg coth ( kδ) 

Lift-off criteria 

q ′′ CHF = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

ρg 

ε 
(c p, f �T sub , out + h fg ) 

[
4 πσb 

ρg 
sin (πb) 

]0 . 5 
δ0 . 5 

λc 
| 
z ∗

, x e, out < 0 

ρg (c p, f �T sub , in + h fg ) 

[
4 πσb 

ρg 
sin (πb) 

]0 . 5 
δ0 . 5 

λc 
| 
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
) 

Table 3 

Summary of equations used in the interfacial lift-off model for double-sided heating. 

Conservation of momentum 

G 2 
d 

dz 

[
x 2 1 

ρg α1 

]
= −α1 

dp 

dz 
− τw,g1 P w,g1 

A 
± τi 1 P i 1 

A 
− ρg α1 g sin θ

G 2 
d 

dz 

[
x 2 2 

ρg α2 

]
= −α2 

dp 

dz 
− τw,g2 P w,g2 

A 
± τi 2 P i 2 

A 
− 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 
∓ τi 1 P i 1 

A 
∓ τi 2 P i 2 

A 
− ρb ( 1 − α1 − α2 ) g sin θ

Local velocity 

u g1 = 

x 1 G 

ρg α1 

; u g2 = 

x 2 G 

ρg α2 

; u f = 

( 1 − x 1 − x 2 ) G 

( 1 − α1 − α2 ) ρb 

Conservation of energy 
d x 1 
dz 

= 

d x 2 
dz 

= 

ε q ′′ w W 

GA 
[
h f g (z) + �h sub 

]
h b = 

h in − ( x 1 + x 2 ) h g + 

q ′′ w P h 
GA 

z 

( 1 − x 1 − x 2 ) 

Critical wavelength 

k c1 = 

2 π

λc1 

= 

ρ ′′ 
b ρ

′′ 
g1 ( u g1 − u f ) 

2 

2 σ ( ρ ′′ 
b + ρ ′′ 

g1 ) 
+ 

√ √ √ √ 

[ 
ρ ′′ 

b ρ
′′ 

g1 ( u g1 − u f ) 
2 

2 σ ( ρ ′′ 
b + ρ ′′ 

g1 ) 

] 2 
+ 

( ρb − ρg ) g n 1 
σ

k c2 = 

2 π

λc2 

= 

ρ ′′ 
b ρ

′′ 
g2 ( u g2 − u f ) 

2 

2 σ ( ρ ′′ 
b + ρ ′′ 

g2 ) 
+ 

√ √ √ √ 

[ 
ρ ′′ 

b ρ
′′ 

g2 ( u g2 − u f ) 
2 

2 σ ( ρ ′′ 
b + ρ ′′ 

g2 ) 

] 2 
+ 

( ρb − ρg ) g n 2 
σ

where ρ ′′ 
g1 = ρg coth ( k δ1 ) , ρ ′′ 

g2 = ρg coth ( k δ2 ) , ρ ′′ 
b 

= ρb coth ( k ( H − δ1 − δ2 ) ) , 

g n 1 = g cos ( θ + π) = −g cos θ , and g n 2 = g cos θ

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 

λca 
| 
z ∗

, x e, out < 0 

ρg (c p, f �T sub , in + h fg ) 

[
4 πσb 

ρg 
sin (πb) 

]0 . 5 
δ0 . 5 

a 

λca 
| 
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
) 
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Table 4 

Summary of expressions used in conservation of momentum. 

Wall shear stress [53] 

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 

τi 1 = C f,i ρg ( u g1 − u f ) 
2 and τi 2 = C f,i ρg ( u g2 − u f ) 

2 where C f,i = 0 . 5 [28] 

Fig. 9. Separated flow modeling of single-sided heating configuration: (a) control volumes of length �z , (b) momentum terms for individual layers, and (c) force terms for 

individual layers. 
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n
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p

o

m

g

b

f

t

h

l

t

Classical instability theory [ 28 , 50 , 51 ] is applied to describe the

nterface of two fluids moving at different velocities as an ideal si- 

usoid. Schematics of the development of interface as well as the 

odeled sinusoid used in instability analysis are respectively de- 

icted in Fig. 11 (a) and (b) for double-sided heating. In the case 

f single-sided heating, the interface between liquid and vapor is 

odeled identically to double-sided heating, however only a sin- 
14 
le interface is present. The stability of the interface is determined 

y the relative magnitudes of inertia, surface tension, and body 

orce. In microgravity, body force will have a negligible role in de- 

ermining critical wavelength, λc , and in the case of double-sided 

eating, the interface along both walls will have the same wave- 

ength. Furthermore, the effects of gravity are not lost between 

he vertical orientations in Earth gravity and in microgravity. Al- 
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Fig. 10. Separated flow modeling of double-sided heating configuration: (a) control volumes of length �z , (b) momentum terms for individual layers, and (c) force terms for 

individual layers. 
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hough the gravity components perpendicular to the wall get nul- 

ified in the λc equation, the gravity component parallel to the 

all is non-zero and impacts the estimation of both local pres- 

ure and void fraction in the conservation of momentum equa- 

ions, which in turn alters the thermophysical properties, vapor 

ayer thickness, modified density, and finally λc . For instance, λc 

or vertical upflow and downflow is expected to be respectively 

maller and larger than in microgravity. The first goal of stability 

nalysis is to determine critical wavelength of the interface. The 

ritical wavelength is that which triggers instability of the inter- 

ace. An unstable interface is necessary to allow the interface to 

ontact the heated wall and form wetting fronts. The stability anal- 

sis is also used to determine the interfacial curvature and its asso- 

iated pressure force which holds wetting fronts against the heated 

all. 

CHF is triggered once the momentum of vapor normal to the 

all in the wetting front exceeds the pressure force associated 

ith interfacial curvature. Comparing the two requires knowledge 

f axial span – length – of the wetting front. Sturgis and Mudawar 

30] analyzed the wavy vapor layer prior to CHF and found the 

ength of wetting front to be a constant fraction of the wavelength, 

 λ, where b = 0.2. The heat flux required to induce interfacial lift-

ng of the wetting front is found by relating the velocity of vapor 

enerated in the wetting front to the momentum of vapor required 

o initiate the lift-off. 
15 
A simple energy balance is then used to relate the heat flux 

upplied from the wall and the heat flux concentrated in the wet- 

ing fronts. The instability analysis, lift-off criterion, and wall en- 

rgy balance are combined to yield the final relation for q" CHF . The 

nal formulation of CHF is segregated into saturated or subcooled 

onditions, with differences between the two formulations stem- 

ing from observations and assumptions used in previous versions 

f the model. Zhang et al . [44] observed that CHF is initiated at the

urthest downstream wetting front. For subcooled CHF, x e,out < 0, 

nd outlet subcooling is used to account for appreciable axial vari- 

tions in subcooling. The non-equilibrium effects stemming from 

ubcooling are accounted for in the heat utility ratio . However, for 

aturated CHF cases, x e,out ≥ 0, and inlet subcooling is considered 

nstead. Konishi et al . [34] considered test cases with relatively low 

nlet subcooling and assumed that the liquid phase preserves its 

ubcooling in the axial direction. This assumption was applied to 

aturated CHF cases where non-equilibrium effects are miniscule 

nd the heat utility ratio is equal to unity, which indicates vapor- 

zation of the fluid utilizes the entirety of the applied heat flux. 

.3. Model procedure 

The model is iterative in its procedure and is initiated by guess- 

ng a q" CHF . The separated flow model with the assumed q" CHF 

oupled with a fourth-order Runga-Kutta numerical scheme deter- 
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Fig. 11. Schematics of the (a) idealized formation of wavy liquid-vapor interface and (b) modeled interface used in instability analysis in a terrestrial environment. 

16 
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Fig. 12. Predicted heat utility ratio for different values of (a) mass velocity and (b) inlet subcooling. 
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ines local flow properties along the heated length of the channel. 

he separated flow model is used to determine axial z o where ve- 

ocity of the vapor phase just surpasses that of liquid core. Next, a 

ritical wavelength, λc , is assumed and the separated flow model 

s called upon again to determine the flow properties at z ∗ which 

s defined as z ∗= z o + λc and marks the end of the upstream con-

inuous wetting region prior to the formation of wetting fronts. At 

 

∗, a new critical wavelength is calculated which is dependent on 

ow properties and vapor phase thickness at z ∗. This method is 

terative until the assumed critical wavelength matches the calcu- 

ated value. Once the critical wavelength is determined, q" CHF is 

alculated using the equation for q" CHF evaluated at z ∗. The entire 

rocess is repeated until the assumed heat flux converges to the 

alculated q" CHF . In the case of double-sided heating, the process 

s repeated for each heated wall and the minimum q" CHF value be- 

ween the two walls is deemed the true q" CHF . 

.4. Predicted heat utility ratio trends 

One of the key parameters of the model is the heat utility ra- 

io, ε. This parameter is used to determine the fraction of the wall 

eat flux which is devoted to liquid vaporization, and is especially 

mportant for subcooled conditions where exit equilibrium quality 

s less than 0. Fig. 12 (a) and (b) show variations of predicted heat

tility ratio at CHF with mass velocity and inlet subcooling, respec- 

ively. Fig. 12 (a) shows ε decreases monotonically with increasing 

ass velocity, a trend that can be explained by increased effec- 

iveness in utilizing sensible heat of near-wall liquid, while causing 

aster removal of core liquid from the heated region length of the 

hannel before having sufficient time to vaporize. Fig. 12 (b) shows 

 somewhat similar trend of ε with inlet subcooling. The mono- 

onic decrease in this case is mostly the result of increased sensible 

eat content of the fluid. These trends demonstrate the importance 

f incorporating the effects of heat utility ratio when using the CHF 

odel; absent these effects, the model would likely overpredict the 

mount of vapor produced in the channel. The parametric trends 

bserved from the model predictions conform the dependence of ε
17 
ependence in Tables 2 and 3 on outlet subcooling. In either case, 

ith higher inlet subcooling or mass velocity, higher outlet sub- 

ooling would be expected, resulting in lower ε. The equations for 

" CHF in the same table indicate q" CHF is inversely proportional to ε. 

his aligns with the observed experimental trends that increasing 

nlet subcooling or mass velocity, which tend to decrease ε, also 

ield higher q" CHF . 

.5. Comparison of CHF model predictions and experimental data 

Fig. 13 (a) and (b) compare q" CHF predicted by the Interfacial Lift- 

ff Model to values from the consolidated experimental database 

or single- and double-sided heating, respectively. For each of the 

wo configurations, only a subset of the total database is used for 

omparisons with the model. As mentioned previously, the model 

s based on presence of a wavy liquid-vapor interface that cre- 

tes wetting fronts along the channel. Visual evidence has shown 

hat the required interface is not present at low mass velocities 

nd the analytical model is prone to break down at these condi- 

ions. This is consistent with previous observations made regarding 

he Interfacial Lift-off Model for different mass velocities and flow 

rientations [52] . It is therefore important when using the model 

o clearly identify boundaries for operating conditions where the 

avy vapor layer is present. Table 5 shows the range of operating 

onditions used for comparison as well as the limitations set from 

isual evidence provided in this paper along with recommenda- 

ions provided in previous papers [ 42 , 52 ]. The predictive accuracy 

f each model is determined by calculating using mean absolute 

rror, MAE . With N data points, the MAE is calculated according to 

AE ( % ) = 

1 

N 

∑ 

∣∣∣∣q ′′ CHF,pred − q ′′ CHF,exp 

q ′′ CHF,exp 

∣∣∣∣ × 100 . (6) 

Fig. 13 (a) shows q" CHF for single-sided heating is predicted with 

 MAE of 18.98% (for N = 38) with 81.58% of datapoints predicted 

ithin ±30%. Fig. 13 (b) shows a MAE of 19.07% (for N = 54) for

ouble-sided heating with 87.04% of datapoints predicted within 
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Fig. 13. Comparison of experimental and predicted CHF values for (a) single-sided heating and (b) double-sided heating. 

Table 5 

Summary of operating conditions used for CHF predictions. 

Configuration G [kg/m 

2 s] p in [kPa] T in [ °C] �T sub,in [ °C] x e,in Orientation Limitation 

Single 794 – 3199 99.0 – 161.8 29.9 – 66.9 3.9 – 28.3 −0.362 – −0.054 Horizontal Bottom u in > 0.5 m/s 

Single 1570 – 3200 100.1 – 161.5 29.8 – 67.2 3.6 – 28.4 −0.363 – −0.048 Horizontal Top u in > 1.0 m/s 

Single 400 – 3200 119.9 – 171.2 36.6 – 71.6 0.5 – 28.0 −0.380 – −0.007 Up u in > 0.15 m/s 

Single ( μg ) 420 – 3019 122.4 – 150.0 58.8 – 63.4 3.6 – 5.9 −0.081 – −0.049 Up u in > 0.15 m/s 

Double 793 – 2409 100.2 – 165.8 27.6 – 64.7 4.9 – 33.2 −0.435 – −0.065 Horizontal u in > 0.5 m/s 

Double 320 – 3200 125.4 – 190.8 28.9 – 73.0 3.7 – 35.4 −0.467 – −0.051 Up u in > 0.15 m/s 

Double 831 – 2314 130.6 – 179.7 27.9 – 51.6 23.6 – 37.5 −0.495 – −0.330 Down u in > 0.5 m/s 

Double ( μg ) 391 – 3050 109.8 – 166.8 51.0 – 65.5 1.9 – 9.6 −0.125 – −0.025 Up u in > 0.15 m/s 
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30%. These statistics reflect good predictive capability for both 

eating configurations and all mass velocities yielding wavy vapor 

ayer behavior. 

As mentioned earlier, one of the main driving forces of the 

nstability causing the wavy liquid-vapor interface is the veloc- 

ty difference between the two phases. At very low mass veloci- 

ies, the influence of velocity difference is too weak to overcome 

he relatively small stabilizing effect of surface tension. Other no- 

able cases in Table 5 that have higher mass velocity cut offs are 

orizontal flow with top wall heating and vertical downflow. For 

he former, strong transverse influence of buoyancy causes vapor 

o congregate along the top wall preventing formation of wetting 

ronts along the top heated wall. And in the case of vertical down- 

ow, buoyancy acts opposite the flow direction, weakening inertial 

nd shear forces exerted upon the vapor and resulting at times in 

apor stagnation and even vapor counterflow at low mass veloci- 

ies. These regimes do not exhibit the wavy vapor layer behavior 

ecessary for implementing the Interfacial Lift-off Model . 

. Conclusions 

This study aimed to investigate CHF for subcooled-inlet flow 

oiling of nPFH based on results of pre-launch Earth-gravity Mis- 

ion Sequence Tests (MSTs) of NASA’s Flow Boiling and Condensa- 
18 
ion Experiment (FBCE), which was launched to the International 

pace Station (ISS) in August 2021. The CHF measurements were 

erformed in FBCE’s Flow Boiling Module (FBM) in the vertical up- 

ow orientation with both single-sided and double-sided heating. 

he MST data was combined with data recorded during previous 

round tests (conducted at different orientations with respect to 

arth gravity) and parabolic flight microgravity tests to form a con- 

olidated subcooled-inlet FBCE-CHF database. The Interfacial Lift-off

odel was carefully assessed for predictive accuracy by comparing 

redictions to the consolidated database. Key conclusions from the 

tudy are: 

1) Experimental parametric trends of CHF were investigated for 

both single-sided and double-sided heating configurations. CHF 

was observed to increase with increases in mass velocity and/or 

inlet subcooling. These trends were accurately captured by for- 

mulations of heat utility ratio incorporated in the Interfacial Lift- 

off Model . 

2) Analysis of high-speed video image sequences confirmed the 

formation of a wavy vapor layer leading up to CHF, with liquid 

access to the heated wall available only in wetting fronts cor- 

responding to the wave toughs. And CHF was triggered when 

intense vapor production in the wetting fronts caused the inter- 

face to lift off the heated wall, culminating in a fairly continu- 

ous insulating wavy vapor layer encasing the entire heated wall. 
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However, other interfacial behaviors and CHF trigger mecha- 

nisms were also observed, especially for combinations of low 

mass velocity, horizontal flow with top wall heating, and verti- 

cal downflow. These conditions were excluded from assessment 

of the Interfacial Lift-off Model . 

3) The interfacial lift-off model showed good accuracy in predict- 

ing q" CHF of both single-sided and double-sided heating for 

broad ranges of mass velocity and inlet subcooling, different 

flow orientations in Earth gravity, and flow boiling in micro- 

gravity. 
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