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Abstract – This study investigates flow boiling of n-Perfluorohexane with saturated two-phase 
mixture inlet in a rectangular channel of dimensions 114.6-mm heated length, 2.5-mm width, and 
5 mm-height.  The experiments were performed as part of the Mission Sequence Testing of the 
Flow Boiling and Condensation Experiment’s (FBCE) Flow Boiling Module (FBM) in the vertical 
upflow configuration in Earth gravity using the same experimental system that was launched to 
the International Space Station (ISS) in August 2021.  The operating parameters varied are heating 
configuration (single- and double-sided), mass velocity (380 – 2400 kg/m2s), inlet quality (0.011 
– 0.519), and inlet pressure (120 – 179 kPa).  High-speed video photographs are presented to 
explain the two-phase flow patterns within the channel’s heated length.  Flow patterns are 
constituted by low-density and high-density fronts moving along the channel, with the high-density 
fronts gradually reducing in length due to evaporation.  Heat transfer results in terms of flow 
boiling curves, streamwise wall temperature profiles, streamwise heat transfer coefficient profiles, 
and average heat transfer coefficients are presented and trends discussed.  CHF data from the 
present experiments are combined with prior databases to compile a consolidated FBCE-CHF 
database for saturated inlet to expand the ranges of operating conditions and include other flow 
orientations in Earth gravity.  Experimental CHF trends are also discussed.  The interfacial lift-off 
model shows a good CHF predictive accuracy evidenced by a mean absolute error of 11.97% for 
this consolidated database after constraining it to mass velocities greater than or equal to 500 
kg/m2s.  Finally, this study confirmed reliability of the upcoming ISS experiments for saturated 
inlet conditions and the collected Earth-gravity data will be compared to ISS microgravity data. 
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Nomenclature 
A area; channel cross-sectional area 
b  ratio of wetting front length to wavelength 

C1, C2, C3 constants 

D  hydraulic diameter 

f  friction factor 

G mass velocity 

g gravitational acceleration 

ge gravitational acceleration on Earth 

H height of channel 

Htc conduction distance through heating strip 

h enthalpy; heat transfer coefficient 
  average heat transfer coefficient 

hfg latent heat of vaporization 
k  thermal conductivity; wave number 
Ld  upstream development length 
Le  downstream exit length 
Lh  heated length 
!̇ mass flow rate 
N number of data points 
Nz number of streamwise measurement locations 
P  perimeter 
p pressure 
q total heat input 

q” heat flux 

q"CHF critical heat flux 

q"ONBD heat flux corresponding to ONBD 

Re  Reynolds number 

T temperature 
  average temperature 

ΔTsub fluid subcooling, ΔTsub = Tsat - Tf 

t time 
u  velocity 

W width of channel 
x  flow quality 

xe  thermodynamic equilibrium quality 

h

T
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z axial coordinate along flow direction 
zo  axial location where vapor velocity just exceeds liquid velocity 

z*  axial location for determining vapor layer thickness and critical wavelength 

Greek symbols 
α  void fraction 

δ  mean vapor layer thickness 

ε thickness of liquid film on heated wall 
λ  wavelength 

μ  dynamic viscosity 

μge microgravity 

r  density 

r"  modified density 

#  surface tension 

τ  shear stress 

θ  orientation angle of channel 

ξ15  percentage of datapoints predicted within ±15% 
ξ30  percentage of datapoints predicted within ±30% 

Subscripts 
a denotes wall 1 or 2 (= 1 or 2) 
BHM with respect to the BHM 
c  critical 

co  core 

exp  experimental 

f  saturated liquid; bulk fluid 
g saturated vapor 
h heated 
i  interfacial 

in channel heated section inlet; inlet 
k  either liquid (f) or vapor (g) 

n  normal to heated wall 

out channel heated section outlet; outlet 
pred  predicted 

s solid 
sat saturation 
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tc  thermocouple in heated strip 

w  wall 

wa  wall 1 or 2 (= w1 or w2) 

z local (along axial direction) 

Acronyms 
BHM  Bulk Heater Module 

CHF  Critical Heat Flux 

FBCE  Flow Boiling and Condensation Experiment 

FBM  Flow Boiling Module 

HDF  High-Density Front 

ISS  International Space Station 

LDF  Low-Density Front 

MAE  Mean Absolute Error (%) 

MST  Mission Sequence Testing 

nPFH  n-Perfluorohexane 

ONB  Onset of Nucleate Boiling 

ONBD  Onset of Nucleate Boiling Degradation 

 

1. Introduction 
1.1  Two-phase Thermal Management in Future Space Missions 

Future space missions planned by both NASA and other space agencies around the world 

are expected to be more powerful and for longer distances and durations.  Thermal Control Systems 

(TCS) used in the space vehicles of such missions must be able to cater to the increased power 

dissipation requirements, while conserving both size and weight.  Two-phase thermal management 

schemes involving boiling and condensation are best suited for such requirements as they utilize 

the coolant’s enormous latent heat of vaporization in addition to sensible heating.  Compared to 

single-phase schemes such as free and forced convection, two-phase schemes offer very high heat 

transfer coefficients and the ability to dissipate large amounts of heat while keeping the device at 

a safe low temperature.  For several years, investigators at the Purdue University Boiling and Two-

Phase Flow Laboratory (PU-BTPFL) have investigated numerous two-phase schemes such as 

capillary flows [1], evaporating falling films [2], flow boiling in macro-channels [3–6], micro-

channels [5–7], and annuli [8], pool boiling [9,10], jet impingement boiling [11,12], spray cooling 

[13], and hybrid combinations thereof [14,15].  Each scheme has its own advantages and 

disadvantages, and must be carefully selected and optimized based on the application’s 
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requirements.  For space applications, channel flow boiling is preferred over the others due to its 

simplicity, dependence on flow inertia to remove the vapor produced along the heated surfaces, 

and adaptability to cool multiple devices in series in a fully closed loop while requiring relatively 

low pumping power.  Another space application of two-phase schemes is in fission power systems 

coupled with the Rankine power cycle, which are characterized by enormous power-to-mass ratios 

and high thermal efficiencies [16,17]. 

 

1.2  Gravitational Effects on Heat Transfer and Flow Physics 
Gravity has a substantial effect on two-phase flows due to the large difference in densities 

of the two phases.  Space vehicles would be exposed to different gravity environments and hence 

the two-phase system must be designed to be suitable and adaptable for a wide range of gravities.  

A plethora of information exists on channel flow boiling in Earth gravity, but little is understood 

on its performance in microgravity, where the gravitational force is negligible and the flow physics 

is different. 

Researchers have explored the effects of gravity on two-phase schemes by performing (i) 

Earth-gravity experiments at different flow orientations [18], (ii) short-duration microgravity (μge) 

experiments using drop towers [19,20], parabolic flights [20–24], and sounding/ballistic rockets 

[25], and (iii) longer-duration microgravity experiments onboard the International Space Station 

(ISS) [26].  However, most of these studies [23,24,26–28] have focused on pool boiling, which 

solely depends on buoyancy for liquid replenishment at the heated wall.  The absence of buoyancy 

in μge produces a single large bubble on the heated surface, which severely degrades both heat 

transfer performance and Critical Heat Flux (CHF) value.  Some μge studies [29,30] focused on 

adiabatic gas-liquid flows and observed that, of all the classical flow regimes, only the bubbly, 

slug, and annular flow regimes are prominently observed in μge.  Very few μge flow boiling studies 

[20–22,31–35] exist in the literature, the experiments for which were performed for short μge 

durations.  And among these, only Ohta [32] seems to have considered saturated two-phase 

mixture inlet of various qualities in the range of xe,in = 0 – 0.8.  Overall, a need exists to conduct 

long-duration flow boiling experiments in stable μge environments.  In this regard, it is worth 

noting the parallel efforts by another group of researchers with the Japanese Aerospace Exploration 

Agency (JAXA) [36–38], whose experiments are on flow boiling of nPFH through 4-mm inner-

diameter tubes made of heated copper and transparent heated glass (detailed research objectives 

are reported in [36]). 

The three most important flow orientations experimented in Earth gravity are vertical 

upflow, vertical downflow, and horizontal flow, among which upflow is most stable and yields the 

highest heat transfer performance and CHF values, q"CHF, due to buoyancy aiding in the removal 
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of produced vapor on the heated walls [39].  The present experiments are conducted in the vertical 

upflow orientation in Earth gravity and will serve as a forerunner to the upcoming μge experiments 

onboard the ISS. 

 

1.3  Non-uniform Heating of Rectangular Channel 
Most studies addressing the gravitational effects on flow boiling in rectangular channels 

were formulated by non-uniform heating of the channel walls.  These consist of single-sided 

heating [40,41], where only one of the four walls is heated, and double-sided heating [21,42], 

where two opposite walls are heated.  Both of these heating configurations help (i) isolate the 

effects of body force acting both perpendicular and parallel to the heated wall and (ii) 

simultaneously visualize the flow pattern evolution within the channel while heating.  Between the 

two, single-sided heating helps understand the undisturbed evolution of the vapor layer along the 

heated wall, while double-sided heating introduces the effects of interfacial interaction between 

the two produced vapor layers.  However, heating more than two walls would compromise flow 

visualization as well as inducing more three-dimensionality to the interfaces, and hence is not 

considered.  Both the single- and double-sided heating configurations are tested in this study. 

 

1.4  Saturated Inlet Conditions 
In flow boiling, fluid enters the channel in either a subcooled or saturated state.  Although 

subcooled liquid inlet is preferred for most thermal management applications owing to its 

augmented heat transfer performance, enhanced q"CHF, and smaller pressure drop, saturated liquid-

vapor mixture inlet is encountered in many situations.  Most large-scale thermal management 

systems such as those in space vehicles are made of a single flow loop with several heat sources 

(loads) connected in series.  Even though a two-phase system might be configured to have a 

subcooled liquid enter the first heat source, gradually with the absorption of more heat, the fluid 

becomes a saturated liquid-vapor mixture at some location along the flow loop.  The latter heat 

sources would have saturated fluid entering them with various inlet qualities.  Moreover, the inlet 

condition to the evaporator of a vapor compression heat pump and refrigeration system is two-

phase with varying degree of vapor quality.  Depending on the inlet quality, the heat transfer and 

fluid physics characteristics within the channel vary significantly.  The interfacial flow patterns 

within the channel and the heat transfer mechanisms associated with each are greatly dependent 

on the inlet void fraction, which in turn is dependent on the inlet quality.  Therefore, it is of equal 

importance to understand the physics of flow boiling with saturated inlet.   

 

1.5  Critical Heat Flux for Saturated Two-Phase Inlet 
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CHF, which is the most important design parameter for flow boiling, is described to be 

either subcooled (xe,out < 0) or saturated (xe,out ≥ 0) based on the fluid exit quality.  Subcooled CHF 

is notorious for the non-equilibrium effects associated with it, especially when the exit fluid is 

highly subcooled.  Subcooling has a less significant effect on saturated CHF to a point where, in 

some experiments using both single channels of 1.03, 2.20, and 3.04 mm diameter [43] and multi-

channel heat sinks [44,45], inlet subcooling has been found to have a negligible effect on saturated 

CHF.  The multi-micro-channel heat sink experiments of Mauro et al. [46] showed inlet subcooling 

to enhance q"CHF only for R-134a and R-236fa, but had a negligible effect for R-245fa.  Park and 

Thome’s [47] multi-micro-channel heat-sink experiments showed inlet subcooling to moderately 

increase q"CHF only for large inlet subcoolings (~20°C) in their largest channels (0.467 mm wide 

and 4.052 mm high). 

On the other hand, saturated CHF with saturated two-phase inlet conditions poses its own 

unique challenges.  The presence of an inlet void creates more complex flow patterns when 

compared to a pure liquid inlet.  Konishi et al. [39] observed CHF at a variety of orientations for 

relatively low-quality saturated two-phase inlet flows.  The vapor and liquid layers were found to 

remain separated when entering the channel and vapor production occur within the liquid layer 

along the heated wall.  At low flow rates and unfavorable orientations such as downward facing 

heated walls, stratification of the phases was observed due to buoyancy.  This resulted in the initial 

vapor layer insulating the heated wall along the entire channel length and prevented liquid access, 

yielding very low q"CHF.  Kharangate et al. [48] explored a wider range of qualities and noticed 

turbulent mixing of the vapor generated at the heated wall with the liquid-vapor mixture that 

entered the channel.  The result was indistinct flow structures in the channel.  Interestingly, for a 

fixed mass velocity, they discerned a non-monotonic trend of q"CHF with respect to inlet quality 

with q"CHF found to first increase then decrease with increasing quality.  This was attributed, at 

relatively low qualities, to an increase in the velocity of each phase with increasing inlet quality.  

This effect was found to outweigh the effects of the additional vapor present in the channel 

downstream and resulted in larger q"CHF for a wide range of flow rates.  However, above a certain 

inlet quality (which depends on flow orientation, heating configuration, and other operating 

parameters), further increases negatively impacted q"CHF.  Tibirica et al. [49] performed flow 

boiling experiments using R-134a in a 0.38-mm-diameter 70-mm-long tube for inlet qualities of 

xe,in = -0.05 – 0.2 and G = 1400 kg/m2s, and showed q"CHF to be maximum for xe,in = 0.05.  Ueda 

et al. [50] experimented flow boiling of R-113 through a vertical 10-mm-diameter circular channel 

of lengths 60 and 100 mm at xe,in = -0.06 – 0.62 and G = 357 – 1465 kg/m2s. They found q"CHF to 

monotonically decrease upon increasing xe,in. 
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1.6  Objectives of Study 
The present study is a crucial part of PU-BTPFL and NASA Glenn Research Center’s 

ongoing collaborative effort to develop the Flow Boiling and Condensation Experiment (FBCE) 

for the International Space Station (ISS).  As part of this effort, flow boiling experiments have 

already been performed both at different orientation in Earth gravity [42,48,51–54] and onboard 

an aircraft flying parabolic trajectories to simulate short microgravity periods [21,22,55].  Based 

on prior findings, a final refined experimental rig has been built and experimental test matrix and 

operating procedure determined for long-duration microgravity flow boiling experiments onboard 

the ISS.  FBCE’s capabilities, descriptions and photographs of the final system, and planned ISS 

test matrix are provided in [56]. 

Prior to launching to the ISS in August 2021, the final experimental system was used to 

perform certain pre-launch experiments (called Mission Sequence Testing, MST) in Earth gravity 

with the Flow Boiling Module (FBM) in the vertical upflow orientation.  The MST experiments 

cover a sparsely-distributed subset of the planned ISS test matrix with different heating 

configurations, mass velocities, inlet qualities, and inlet pressures.  With the experimental MST 

results for subcooled inlet already reported in [57,58], the present study covers those for saturated 

two-phase mixture inlet.  High-speed video images are presented to explain the flow physics for 

various sets of operating conditions.  Heat transfer results in terms of flow boiling curves, 

streamwise wall temperature profiles, streamwise heat transfer coefficient profiles, and average 

heat transfer coefficients are presented and explained.  CHF results from the MST are combined 

with some older FBCE databases to form a consolidated saturated-inlet FBCE-CHF database and 

the interfacial lift-off model adopted to make predictions.  Data from the present experiments will 

be compared against the upcoming ISS data to analyze the effects of gravity on flow boiling. 

 

2.  Experimental Methods 
2.1  Two-Phase Flow Loop  

A schematic of the experimental two-phase flow loop used to condition and supply the 

working fluid, n-Perfluorohexane (nPFH), to the Flow Boiling Module (FBM; the test module 

used in this study), is illustrated in Fig. 1.  A magnetically-coupled internal gear pump positively 

displaces subcooled liquid nPFH through the flow loop.  Two bypass relief valves of cracking 

pressures 199.95 kPa and 206.84 kPa are provided across the ends of the pump for safety, and they 

let fluid to pass from the pump outlet to pump inlet if the pressure differential exceeds the 

respective cracking pressure.  Downstream of the pump, the fluid enters a Coriolis flow meter, 

wherein the flow rate is measured, and a filter, wherein any impurities are removed.  Subcooled 

liquid enters the Bulk Heater Module (BHM; preheater), wherein it receives a predetermined 
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amount of heat from a set of heaters powered by Direct Current (DC), increases in temperature, 

and partially vaporizes.  Thermocouples and Resistance Temperature Detectors (RTDs) within the 

BHM safely shut the heaters down in case either the temperature of the aluminum metal encasing 

the BHM heater core exceeds 130°C or the outlet fluid temperature exceeds 100°C.  This saturated 

two-phase mixture enters the FBM, absorbs heat and increases in quality.  The higher quality two-

phase mixture is condensed back to subcooled liquid in a fluid-to-water stainless-steel tube-in-tube 

heat exchanger with a spiral-finned inner tube, by losing heat to the condensing water loop.  A 

static mixer situated downstream of the condenser continuously mixes the liquid, condenses any 

possible vapor, and ensures thermodynamic uniformity.  A highly subcooled pure liquid returns to 

the pump. 

An accumulator is connected to the main loop at a T-junction downstream of the static 

mixer to help both maintain a set reference pressure at this location and reduce severe two-phase 

instabilities [59,60].  The section of the loop between the T-junction and pump is split into two 

parallel paths, one of which is used during regular experimentation and the other fitted with a 

degassing contactor used when degassing the fluid.   

 

2.2  Flow Boiling Module 
Schematics of the overall construction of the FBM are illustrated in Fig. 2(a) and key 

dimensions provided in Table 1.  The FBM is primarily constructed using three transparent Zelux-

W polycarbonate plates of respective thicknesses 25.15, 5.00, and 25.15 mm sandwiched between 

two 13.72-mm-thick aluminum support plates.  A 5.0-mm deep and 2.5-mm wide slot is made in 

the middle polycarbonate plate to form the flow channel and two-oxygen-free copper heating strips 

of dimensions 114.6-mm length, 15.5-mm width, and 1.04-mm thickness are placed on either side 

of the slot.  The fluid enters the FBM at a 90° angle to the flow channel, passes through an upstream 

327.7-mm-long development length affixed with a 12.19-mm-thick aluminum honeycomb flow 

straightener close to the inlet, a middle 114.6-mm-long heated length, and a downstream 60.7-mm-

long exit length, and finally exits the FBM at another 90° angle. 

One side of the heating strips is in contact with the fluid and serves as heating wall, while 

to the other side are affixed a set of six thick-film resistors with a small separation between them 

to allow for heated-strip thermocouple access (see Fig. 2(b)).  The heaters are wired in parallel and 

a maximum power of 175 W can be supplied independently to each strip so that both single- and 

double-sided heating configurations can be experimented.  This heated wall design allows for fast 

temperature response and accurate CHF measurement [21,55]. 

 

2.3  Instrumentation and Measurement Accuracy 
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As illustrated in Fig. 1, local pressures are measured using absolute pressure transducers at 

five locations within the FBM: inlet, outlet, and three intermediary locations within the 

development length.  In this study, the local pressure immediately upstream of the heated length 

is reported as pin and that near the outlet as pout.  Fluid temperatures close to the inlet and outlet are 

measured using type-E thermocouples.  As shown in Fig. 2(c), local temperatures of each heating 

strip are measured at seven equidistant locations using two sets of seven type-E thermocouples.  

One set is used for data collection and software reset of FBM heater power level in case any 

temperature exceeds 122°C, usually an aftermath of CHF.  The other set is part of a hardware 

safety circuitry and provides feedback to a relay that shuts down the FBM heaters in case any 

temperature exceeds 132°C due to software-reset failure.  Local pressures and temperatures at 

several points of the flow loop are respectively measured using pressure transducers, and 

thermocouples and RTDs.  Both the voltages and currents to each set of FBM and BHM heaters 

are directly measured using a data acquisition system (DAQ).  Flow rate is measured using a 

Coriolis flow meter of range 0-60 g/s.  All temporal sensor output signals are collected and 

recorded using a set of two DAQs at a sampling frequency of 5 Hz and an in-house FBCE flight 

software is used to monitor and control the DAQs and other instruments.   

Maximum measurement uncertainties of important parameters are listed in Table 2.  Note 

that the actual value of CHF, q"CHF, is determined as the average of the heat flux increment causing 

the 122°C strip temperature escalation and the preceding heat flux increment that reached steady 

state.  This yields a CHF isolation error (difference between the true q"CHF and the q"w which 

triggered CHF) of ~1 W/cm2 for majority of cases.  However, some cases had slightly higher heat 

flux increases that provoked CHF; in these cases, CHF isolation error still remained below 2 

W/cm2. 

 

2.4  Flow Visualization 
High-speed video photography techniques are used to visualize the flow features within 

the heated section of the FBM.  The rectangular channel’s height is significantly greater than its 

width (heated) to effectively capture clear images through a thin slice of flow; a smaller width 

means fewer bubbles and clearer wavy interfaces through the imaging depth; a larger height makes 

possible a better study of bubble boundary and vapor layer development effects on each heated 

wall, and during double-sided heating, the clear interaction between vapor layers produced along 

both walls.  The high-speed camera is directed at one transparent wall, while the other wall is 

backlit with blue light emitting diodes (LEDs) through an intermediate Teflon sheet serving as a 

light-shaping diffuser.  The camera is equipped with a F#0.95-25 mm lens and captures 

photographs of resolution 2040×164 pixels at a frame rate of 2000 frames/s and shutter speed of 
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10 μs.  All flow visualization images reported in this paper have been uniformly post-processed to 

make flow features more distinct. 

 

2.5  Operating Procedure 
As already mentioned, this study reports and analyzes results from the MST (the final set 

of pre-launch experiments in Earth gravity), the experimentation for which was remotely done in 

the same manner as will be onboard the ISS.  The working fluid is degassed before the start of 

testing and as needed thereafter.  Boiling curves for all predetermined operating conditions are 

obtained by setting each set of flow rates, inlet pressures, and BHM powers, and the system 

allowed to reach steady state.  For each boiling curve, power to the FBM heaters is increased from 

a predetermined low power level until CHF is reached.  Each heat flux increment is for a fixed 

time period of 120 – 180 s, which was deemed sufficient to reach steady state for flow boiling in 

prior studies with similar system designs [21,55].  For safety, if one of the strip thermocouples 

exceeds 122°C following CHF, the software automatically brings down the FBM heater power 

level to a minimum.  If the software fails and any temperature exceeds 132°C, a redundant 

hardware shutdown of the heaters is invoked.  Temporal data is recorded for entire boiling curves 

and high-speed photos taken towards the end of each heat flux increment. 

More details on the experimental methods are provided in the authors’ previous article 

[57]. 

 

2.6  Data Processing, Heat Loss Estimation, and Experimental Ranges 
Steady-state datapoints corresponding to all heat flux increments that reached steady state, 

are extracted by averaging the latest 20 s of recorded temporal data of each steady-state period.  

All thermophysical properties of nPFH are obtained from NIST-REFPROP [61].  The fluid 

enthalpy at BHM (preheater) inlet is directly determined as 

 , (1) 

where TBHM,in and pBHM,in are the BHM inlet fluid temperature and pressure, respectively.  Per an 

energy balance over the BHM, the fluid enthalpy at BHM outlet is calculated as 

 , (2) 

where qBHM is total BHM heat input and  mass flow rate through the flow loop. 

The net heat loss upstream of the FBM heated section inlet (which is comprised of losses 

within the BHM, the flow path between the BHM and FBM, and the upstream development length 

with the FBM) is estimated by considering the MST experiments with both near-saturated inlet (0 

< ΔTsub,in < 10°C) and visual confirmation of no vapor at FBM inlet for two reasons: (i) BHM 

, ,, ,BHM in BHM in
BHM in T p
h h=

, ,
BHM

BHM out BHM in
qh h
m

= +
!

m!
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operation is similar for both the near-saturated and saturated inlet cases and heat loss values would 
be similar and (ii) to ensure complete thermodynamic equilibrium and pure liquid at FBM inlet for 
the single-phase calculations to be applicable.  Percentage heat losses are estimated by comparing 
the measured heat input, which is qBHM, and the actual net heat gain calculated by the enthalpy 
difference between the BHM inlet (hBHM,in) and FBM heated section inlet (hin), at which locations, 
the fluid state is subcooled liquid.  Here, hin is directly estimated using the measured pressure at 
the inlet of the heated section (pin) and the measured fluid temperature (Tin) at the inlet of the FBM.  
It is found that, of all parameters,  dictates the heat loss percentages the most, and the best 

statistical fit yields the function .  At very low flow rates, percentage heat 

losses are large, resulting in large uncertainties in estimating FBM enthalpy and quality at the inlet 

of the heated section.  For instance, although experiments were conducted for  ≈ 2.25 g/s (G ≈ 

180 kg/m2s), these cases are not considered in this study.  It is noted that, with more experiments, 

a more robust heat loss estimation will be done for the upcoming ISS data.  After subtracting 

estimated net heat losses from the measured qBHM in Eq. (2), the fluid enthalpy at the FBM heated 

section inlet is determined as .   

Heat losses within the FBM’s heated section were estimated to be within the heater power 

measurement uncertainty and are considered negligible [18,57]; so wall heat flux, q"w, is calculated 

by dividing the electrical power input to the resistors by the fluid heating surface area.  Per another 

energy balance over the FBM, the fluid enthalpy at FBM outlet is calculated as 

 , (3) 

where Ph is heated perimeter determined from channel width, W, as 

 . (4) 

Thermodynamic equilibrium qualities at the FBM inlet and outlet are determined from the 

relation 

 , (5) 

where h = hin or hout is the actual fluid enthalpy at FBM inlet/outlet, and both hf, saturated liquid 

enthalpy, and hfg, latent heat of vaporization, are based on the measured inlet/outlet pressure. 

The measured heated-strip temperatures, Ttc, are translated into the corresponding wall 

temperatures, Tw, by assuming a uniform heat flux and one-dimensional heat conduction through 

the copper strip as 

 , (6) 
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where Htc (= 0.483 mm) is the conduction height and ks the pure copper conductivity.  Tw is found 

to be lower than Ttc by a maximum of 0.37°C, indicating that the copper conductive resistance 

between the two points is minuscule and well within the Ttc measurement uncertainty.  As shown 

in Fig. 2(c), local wall temperatures are designated as Twa,z, where the subscript wa is the heated 

wall (w1 or w2) and z is the streamwise measurement location (1 upstream through 7 downstream). 

The fluid being a saturated two-phase mixture throughout the FBM, the local fluid 

temperature at these axial locations, Tf,z, are equal to the local saturation temperatures, Tsat,z, 

estimated by linear interpolation between values at the inlet and outlet.  Local heat transfer 

coefficient for either wall is defined as  

 , (7) 

and averaged heat transfer coefficient determined as  

 , (8) 

where Nz = 7 is the number of streamwise measurement locations, Ah,z and Lh,z are the heated 

surface area and length of each unit cell respectively, and Ah and Lh are the total heated surface 

area and total heated length respectively.  Averaged wall temperature, , is also determined in a 

similar fashion.  Ranges of important parameters from the MST experimental database with 

saturated inlet are reported in Table 3 for single- and double-sided heating configurations 

separately. 

 

2.7  Temporal Temperature Records for an Entire Boiling Curve 
Temporal records of fluid inlet, fluid outlet, and heated-strip temperatures are shown in 

Fig. 3 for a representative saturated-inlet boiling curve.  The temperatures correspond to the left 

axis and the corresponding FBM wall heat fluxes to the right axis.  Due to a relatively large FBM 

pressure drop and the fluid being saturated all along the flow channel, the outlet fluid temperature 

(which would be equal to the outlet saturation temperature) is consistently lower than the inlet 

fluid temperature.  This means that, as heat flux is increased to reach q"CHF, Tin slightly increases 

from 71.22 to 73.31°C due to a respective inlet pressure increase from 152.40 to 168.56 kPa, and 

Tout respectively increases from 67.55 to 69.37°C.  Note that the parameter values included within 

the inset in Fig. 3 and other subsequent figures denotes the average ± standard deviation 

corresponding to all the data presented in the figure.  For all heat flux increments preceding CHF, 

the strip temperatures, Ttc, clearly reach steady state.  For the lowest two heat flux increments, i.e., 

until about t = 300 s, the strip temperatures fall between the inlet and outlet fluid temperatures, 

meaning that axial conduction along the copper heating strips causes its temperature to be almost 
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uniform along their lengths.  This means that more heat dissipation to the fluid occurs from the 

downstream portion of the channel; these low heat transfer cases would locally yield non-physical 

heat transfer coefficients and are excluded from data analysis.  For t > 300 s, all Ttc are higher than 

the fluid temperature throughout the channel and the local variations in Ttc are due to the local two-

phase flow regime at those measurement locations.  During the last heat flux increment, at t ≈ 1690 

s, Ttc1,6 reaches the set maximum operating temperature of 122°C and the heaters are powered 

down.  Note how the slopes of the Ttc curves, especially Ttc1,6, significantly changes towards the 

end, clearly indicative of CHF. 

Overall, the temporal temperature records corroborate that (i) all heat flux increments 

preceding CHF clearly reach steady state within 120 – 180 s and (ii) CHF manifestation is indeed 

the cause of at least one strip temperature exceeding 122°C. 

 

2.8  Miscellaneous Observations during Experimentation 
During the MST experiments, some deviations from the predetermined set of operating 

conditions were observed.  One such observation was the difficulty in maintaining a saturated inlet 

with a very low inlet quality all along the boiling curve, especially at high mass velocities.  The 

variations of measured fluid temperature, measured pressure, and corresponding saturation 

temperature at the heated section inlet with increasing heat flux until CHF are shown in Fig. 4 for 

a set of operating conditions.  Note that G = 2400 kg/m2s is the highest mass velocity tested.  Due 

to an increase in pressure drop in the flow loop with increasing heat flux, the mass flow rate 

controller increases the pressure at the pump head exit to maintain the set constant mass flow rate.  

As a result, pin increases with increasing q"w along the boiling curve; note how the average pin is 

182.28 kPa and the standard deviation is relatively large at 8.91 kPa.  This increase in pressure 

results in an increase in the inlet saturation temperature, Tsat,in, from 71.94 to 77.20°C.  But the 

measured inlet temperature to FBM remains almost a constant at Tin = 72.54°C, with a standard 

deviation of just 0.26°C.  As indicated in Fig. 4, the Tin and Tsat,in curves crossover at a certain heat 

flux, meaning that although the inlet was saturated at the beginning of this boiling curve, it ended 

up being subcooled (near-saturated to be precise) and CHF occurred with an inlet subcooling of 

ΔTsub,in = 4.25°C and an inlet quality of xe,in = -0.06.  Such cases were excluded from further 

analysis in this study. 

 

3.  Flow Visualization Results and Discussion 
3.1  Flow Patterns for Single-sided Heating 

A schematic representation of single-sided heating configurations is shown in Fig. 5(a).  

Flow is oriented vertically upwards fully opposing gravity and heat is added to one of the two 
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walls.  Figures 5(b) and 5(c) portray flow patterns along the boiling curve for respective saturated 

inlet qualities of xe,in = 0.518 with right wall heated and 0.143 with left wall heated at the same 

mass velocity of G ≈ 790 kg/m2s.  Included for each set of operating conditions are high-speed 

video images taken at steady state for heat fluxes ranging from the lowest tested until (and 

including) CHF.  The wall heat flux, q"w, corresponding to each image is mentioned right below it 

as a percentage of the respective q"CHF for those operating conditions.  As will be discussed in a 

later section, flow behavior at steady state is periodic and the images shown here are ones that best 

portray the time-averaged flow regime exhibited during that period. 

The images for saturated inlet are complicated due to imaging through a highly chaotic 

liquid-vapor mixture with larger turbulence, larger three-dimensionality and highly disturbed 

interfaces (to the contrary, the images for subcooled inlet showed clear flow patterns with distinct 

interfacial features [57]).  However, by careful observation and analysis, useful information can 

be gained, and conclusions reached.  In Fig. 5(b), at a heat flux of 12.83% q"CHF, the entire channel 

is mostly filled with a light region with some interspersed small dark regions.  These light regions 

correspond to vapor-abundant regions or low-density fronts (LDF), which allow for more backlight 

transmission, and the dark regions to liquid-abundant regions or high-density fronts (HDF), which 

reduce the transmissibility of light.  It may be easier for the reader to compare and visualize the 

HDFs as the liquid slugs observed in the classical slug flow regime and the LDFs the elongated 

bubbles.  It is expected of a high xe,in of 0.518 to be largely vapor within the channel due to the 

overall dominance of the annular flow regime.  To enable easy comparison between the different 

heat fluxes, all images in Fig. 5(b) are chosen such that a high-density front is aligned a short 

distance from the channel inlet.  Visually, no significant differences can be detected between the 

various heat fluxes, indicating that wall heat flux has a negligible effect on flow patterns.  Even 

the image corresponding to CHF does not show any distinguishable feature, meaning that the CHF 

mechanism for saturated inlet is more complex than for subcooled inlet. 

Figure 5(c) is for the same mass velocity as in Fig. 5(b), but a lower inlet quality of xe,in of 

0.143 and the left wall heated.  The most striking aspect is the overall darker images due to the 

lower inlet quality and the presence of more liquid.  The high-density fronts are longer than before.  

But again, as before, there are negligible differences between the images for different heat fluxes.  

Although both Figs. 5(b) and 5(c) are for single-sided heating at either opposite wall, there are no 

flow pattern biases across the channel centerline.  The one feature that is not readily apparent 

amidst all the turbulence and chaos is the nucleation of small bubbles within the annular liquid 

film on the heated wall; if observed closely, these bubbles are seen to coalesce, form a vapor layer,  

and slide along the wall with the bulk flow.  This behavior can be vaguely seen in Fig. 6, which 

presents a zoomed-in image sequence of the downstream portion of the channel at CHF for the 
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same case as in Fig. 5(c).  Note the thin vapor layer next to the heated left wall and how the liquid-

vapor interface has lifted-off the wall.  It is hypothesized that this phenomenon plays a vital role 

in the CHF mechanism, but no conclusions can be reached with this limited evidence. 

 

3.2  Flow Patterns for Double-sided Heating 
A schematic representation of the double-sided heating configuration is shown in Fig. 7(a).  

Again, the flow is oriented vertically upwards fully opposing gravity, and both of the opposite 

walls are heated.  Flow patterns along the boiling curve are portrayed in Figs. 7(b) and 7(c) for 

respective saturated inlet qualities of xe,in = 0.401 at G ≈ 500 kg/m2s and 0.129 at G ≈ 1200 kg/m2s.  

In Fig. 7(b), the images are predominantly light characterized by mostly vapor, but with 

interspersed short dark liquid-abundant regions. Again, a high-density front is lined up at a short 

distance downstream of the inlet to enable better comparison, and there are no significant 

differences between the different heat fluxes.  The HDFs here are longer and darker than in Fig. 

5(b) due to the relatively lower inlet quality. As expected, similar to how Fig. 5(c) is darker than 

5(b), Fig. 7(c) is darker than 7(b) due to the much lower inlet quality.  Mass velocity does not seem 

to significantly affect the flow patterns, but largely controls the speed at which the high-density 

and low-density fronts move through the channel.  Upon comparing the single- and double-sided 

heating configurations in Figs. 5 and 7, heating configuration does not seem to play a role in 

determining the flow patterns for this channel geometry and operating conditions.   

Overall, flow patterns are largely dependent on the inlet quality, which will be examined 

in detail in the subsequent sections. 

 

3.3  Flow Visualization Image Sequences for High Inlet Qualities 
Although the steady-state flow patterns already discussed improved our understanding on 

the effects of operating conditions, the flow features within the channel continuously vary with 

time in a periodic manner.  A better understanding of this can be achieved by analyzing the high-

speed image sequences portrayed in Fig. 8 for high inlet qualities.  Included are image sequences 

for the two heat flux extremes (~10-15% and ~95% q"CHF) with a time interval of 2 ms between 

successive images. 

In Fig. 8(a), at 11.53% q"CHF, focus on the high-density front just entering the channel in 

the first image.  This HDF gradually passes through the channel and exits in the last image.  The 

size of the HDF does not vary by much due to the very small heat flux supplied.  But at 96.67% 

q"CHF, the HDF entering the channel in the first image gradually fades away as it moves along the 

channel and it exits slightly sooner than at 11.53% q"CHF.  These both can be attributed to the 

higher heat flux: increased nucleate boiling within the HDF vaporizes a larger portion of liquid 
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and this increased vapor produces higher flow velocity in the downstream portion of the channel 

(note that for both heat fluxes, the inlet conditions are identical meaning the inlet velocities are 

equal).  Figure 8(b) shows similar flow behavior except that the HDFs are thinner and lighter 

owing to the higher inlet quality of xe,in = 0.518, an earlier HDF exit from the channel owing to the 

higher mass velocity of G = 789.97 kg/m2s, and a weaker vaporization of the HDFs due to heat 

being supplied from only one wall instead of two (while the heat flux is roughly the same for both 

cases). 

 

3.4  Flow Visualization Image Sequences for Low Inlet Qualities 
As opposed to high inlet qualities, the periodic flow behavior at steady state is more drastic 

and complex for low inlet qualities.  High-speed video image sequences are portrayed in Fig. 9 for 

a low saturated inlet quality of xe,in = 0.129 and a low heat flux of q"w = 15.45% q"CHF with double-

sided heating.  By designating the first image to be captured at t = 0 ms, the time instants of other 

images with respect to the first image are denoted below it.  The overall transient behavior can be 

understood from the sequence in Fig. 9(a), which covers a longer time period of t = 600 ms with a 

20 ms time interval between successive images.  Clearly two different time periods are observed: 

a high-density-dominant period and a low-density-dominant period.  The low-density-dominant 

period extends from t = 0 until 160 ms, characterized by an overall light region interspersed with 

thin HDFs passing through it at regular intervals.  The high-density-dominant period is seen to 

extend from t = 180 until about 360 ms, characterized by an overall darker region with some LDFs 

at some time instants.  This cycle keeps repeating periodically.  A temporally zoomed-in set of 

sequential images corresponding to the low-density-dominant period is shown in Fig. 9(b); these 

images are 2 ms apart.  This sequence is similar to the image sequences for high inlet qualities 

shown in Fig. 8(a) at 11.53% q"CHF.  The transition from low-density-dominant to high-density-

dominant period is shown in Fig. 9(c) as the advancement of an HDF through the channel.  But 

unlike the short HDFs discussed previously, this HDF is much longer where the liquid occupies 

the entirety of the channel as seen in the latter six images.  The heat transfer mechanism for LDFs 

is primarily the evaporation of the thin annular liquid film surrounding the central vapor core or 

elongated bubble (as already noted, small bubble nucleation is also observed within the LDFs’ 

liquid film), and that for HDFs is nucleate boiling of the liquid.  Thus, the heat transfer mechanism 

keeps alternating as per the passage of the respective fronts.  The mechanism of this transience 

(periodically alternate passage of low- and high-density fronts) can be attributed to Density Wave 

Oscillations (DWO; a type of non-severe two-phase instability), which has been discussed in detail 

by O’Neill et al. [62–64] for this flow geometry.  Further analysis of DWOs is beyond the scope 
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of the present study and the readers are directed to [62–64] which were formulated by collecting 

pressure signals at a sampling frequency of 200 Hz compared to the 5 Hz in this study. 

High-speed video image sequences, for the same set of operating conditions and heating 

configuration except for a higher heat flux of 95.41% q"CHF, are shown in Fig. 10.  The time periods 

of high-density-dominant and low-density-dominant periods in Fig. 10(a) seem to be slightly 

different than in Fig. 9(a).  But Figs. 10(b) and 10(c) are respectively similar to 9(b) and 9(c), 

except that the HDFs fade away as they move toward the exit due to the higher heat flux causing 

increased vaporization.  Even very close to (and at) CHF, there are high-density-dominant periods 

during which liquid almost fills the entire channel.  This substantiates the hypothesis that the CHF 

mechanism for saturated inlet is more complex and possibly related to the near-wall vapor behavior 

within the liquid film.  

 

4.  Heat Transfer Results and Discussion 
Steady-state heat transfer results of the MST experiments with saturated inlet, in terms of 

flow boiling curves, local wall temperature profiles, local heat transfer coefficient profiles, and 

average heat transfer coefficients are presented and discussed here. 

 

4.1  Flow Boiling Curves 
Flow boiling curves are a typical way to demonstrate the heat transfer performance of two-

phase thermal management schemes for various sets of operating conditions and heating 

configurations.  In this study, boiling curves are plotted for each heated wall as the wall heat flux 

versus the respective average wall superheat, which is defined as the average wall temperature, 

, minus the inlet saturation temperature, Tsat,in (which is based on the inlet pressure at each 

corresponding heat flux).  Note that all boiling curves have a slope change at lower heat fluxes, 

typical of Onset of Nucleate Boiling (ONB) with subcooled inlet.  Although it is inappropriate to 

use the term ONB here for flow boiling with a liquid-vapor mixture inlet, from flow visualization 

images, it can be inferred that bubble nucleation does indeed occur within the annular liquid layer 

on the heated walls, and the wall superheat is indicative of this near-wall heat transfer physics. 

 
4.1.1  Flow Boiling Curves for Fixed Inlet Quality 

Flow boiling curves for a fixed inlet quality of xe,in = 0.224 with double-sided heating 

configuration are presented in Fig. 11.  Each boiling curve has a nucleate boiling portion, which is 

characterized by an almost vertical trend due to a small variation in wall superheat over a broad 

wall heat flux range.  The upper limit of this linear trend corresponds to the point of Onset of 

Nucleate Boiling Degradation (ONBD) [57,65] (otherwise termed as dryout incipience in some 
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studies [66]), above which, increases in heat flux causes the curve to start deviating from its linear 

trend and leads up to CHF.  Heat fluxes larger than q"ONBD causes temporally intermittent and/or 

partial wall dryout, heat transfer degradation, and much higher wall temperatures. 

For G = 379.97 and 650.00 kg/m2s, the boiling curves for both walls almost perfectly 

overlap with almost the same q"CHF confirming heat transfer symmetry and the slight deviations 

can be attributed to slight differences in heat fluxes from either wall.  The lower portions of the 

boiling curves for both of these mass velocities coincide until the point of ONBD due to the 

dominant contribution of nucleate boiling and its negligible dependence on flow rate.  Following 

ONBD, they diverge leading to CHF; both q"ONBD and q"CHF are higher for the higher mass velocity 

due to better ability of higher flow rates to replenish liquid to the heated walls and sustain nucleate 

boiling for larger heat fluxes.  The same trends are exhibited upon increasing G to 1199.96 kg/m2s, 

except that the nucleate boiling portion of the curves are offset to the left and the two walls are 

more offset from each other.  This has been attributed to randomness in the heat transfer 

performance between the two walls by Kharangate et al. [42]. 

 
4.1.2  Flow Boiling Curves for Fixed Mass Velocities 

Boiling curves for both single- and double-sided heating configurations at various 

operating conditions are respectively shown in Fig. 12(a) and 12(b).  Mass velocity is maintained 

constant in each sub-plot.  In Fig. 12(a), for G = 790.01 kg/m2s and xe,in ≈ 0.142, both the wall 1 

(left) and wall 2 (right) heated cases yield almost the same boiling curves, suggesting no 

preferential heating between the two walls and an almost mirrored flow behavior, as expected for 

vertical upflow.  All other single-sided heating cases were conducted by heating wall 2 only.  Upon 

increasing the inlet quality to xe,in = 0.518, the boiling curve starts with a similar trend at low heat 

fluxes and the slight offset is attributed to the ~26 kPa higher inlet pressure causing a higher Tsat,in.  

The curve deviates from the nucleate boiling region at a much lower heat flux and yields a much 

lower q"CHF; both of these are a direct result of the higher amount of vapor within the channel and 

an increased chance of partial dryout of the liquid film along the heated walls.  At G = 1599.94 

kg/m2s and xe,in ≈ 0.033, the curves almost overlap in spite of pin being ~9 kPa different, suggesting 

that the effects of pin are rather insignificant for small differences in it.  The small difference in 

q"CHF is within its isolation error. 

In Fig. 12(b), both at G = 500.04 and 1199.95 kg/m2s, the curves overlap until ONBD, 

which is observed at larger heat fluxes at smaller xe,in due to the larger amount of liquid entering 

the channel.  However, at G = 1199.95 kg/m2s, q"CHF is almost equal to each other for both xe,in = 

0.129 and 0.218 probably due to the non-monotonic trend of q"CHF versus xe,in and these xe,in values 

being on either sides of the q"CHF peak (refer to section 5.1 for more details). 
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Overall, both G and xe,in seem to play the most important role, although opposing, in 

determining the nature of the saturated-inlet boiling curves.  pin and heating configuration do affect 

the boiling curves, but are rather less significant. 

 

4.2  Local Wall Temperature 
Streamwise local wall temperature (Tw,z) profiles are included in Figs. 13(a) and 13(b) for 

different heat fluxes with single- and double-sided heating configurations, respectively, at a variety 

of operating conditions.  Four different sets of operating conditions are assessed for each heating 

configuration; arranged from the top to bottom are plots for increasing xe,in, corresponding to which 

are other operating conditions at different parts of their ranges.  Within each plot are included Tw,z 

profiles for different heat fluxes ranging from ~10% q"CHF to the heat flux increment preceding 

CHF. 

At all operating conditions, the Tw at each streamwise location monotonically increases 

with increasing heat flux.  Tw,z profiles at low heat fluxes are rather flat indicating an almost 

isothermal wall.  As heat flux is increased, the profiles become symmetrically more concave 

downwards with Tw minima locally observed near the inlet and the exit.  Tw is lowest near the inlet 

due to thermal entrance effects and locally being very close to the inlet fluid temperature.  Tw then 

increases for a short distance downstream due to diminishing thermal-boundary-layer development 

effects.  Since the flow is vertically upwards, any produced vapor further accelerates the flow due 

to an increase in both specific volume and buoyancy.  This increased flow velocity in turn helps 

in more cooling of the wall due to increased turbulence and fluid mixing, and better vapor removal 

from the channel.  At a certain location in the channel, these flow acceleration effects dominate 

over the effects of heat addition and Tw decreases.  Flow acceleration effects are expected to be 

greater at higher inlet qualities and/or higher heat fluxes.  The lower Tw at both ends of the heated 

strip could also possibly be caused by the extended heat transfer area covered by the end resistors, 

leading to a slightly lower local heat flux at both ends than that observed for the majority of the 

heated length.  Based on the operating conditions, close to q"CHF, the symmetry of the Tw,z profiles 

is disturbed and their peaks are shifted slightly towards the exit.  In Fig. 13(a), the highest-heat-

flux Tw,z profile for xe,in = 0.035 is almost symmetrical with the maximum Tw between measurement 

locations 3 and 6 (refer to Fig. 2(c) for designation).  As xe,in is increased to 0.143, the maximum 

Tw is observed between measurement locations 4 and 6.  At high inlet qualities of xe,in = 0.430 and 

0.518, the measured maximum Tw is a sharp peak at measurement location 6, i.e., a short distance 

upstream of the channel exit.  This is directly attributed to xe,in which dictates vapor void fraction.  

When the void fraction is low, as confirmed from the high-speed images in section 3, the entire 

channel was temporally almost fully filled with liquid, which made the wall temperature more 
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uniform in the middle of the channel.  But the higher void fraction experiments did not show this 

flow behavior, and CHF occurred sharply at a further downstream location near the exit.  As 

confirmed in previous studies with subcooled inlet [21,22,57], CHF is not observed at the exit, but 

rather at these maximum Tw locations slightly upstream of the exit. 

The double-sided heating cases in Fig. 13(b) overall portray similar trends as seen in Fig. 

13(a) for similar xe,in.  Although a direct comparison is not possible due to differences in operating 

conditions between the two heating configurations, some differences would be due to the following 

reasons: (i) for the same heat flux, double-sided heating would double the amount of heat to the 

fluid, (ii) the increased heat addition would produce more vapor and lead to larger flow 

acceleration, and (iii) although not clearly evident in the high-speed images, possible interaction 

between the vapor being produced at either wall.  The profiles corresponding to both walls are 

very similar and mostly overlap.  The differences are attributed to (i) small differences in wall heat 

fluxes caused by electrical non-uniformity, and (ii) slightly preferential vapor production due to 

possibly uneven distribution of incipience cavities on either wall, even though the two copper 

surfaces were polished to the same finish. 

 

4.3  Local Heat Transfer Coefficient 
Streamwise local heat transfer coefficient (hz) profiles are included in Figs. 14(a) and 14(b) 

for different heat fluxes with single- and double-sided heating configurations, respectively, at a 

variety of operating conditions.  The overall layout of Fig. 14 and the operating conditions of each 

sub-plot are exactly the same as Fig. 13.  Note that some lower heat flux percentages in Fig. 13 are 

omitted in Fig. 14.  As already discussed in section 2.7, these lower heat fluxes yield wall 

temperatures very close to the local fluid saturation temperature resulting in abnormally high local 

heat transfer coefficient magnitudes (be it positive or negative) and sometimes even singularities; 

these are due to data being within the measurement uncertainties. 

In Fig. 14(a), at xe,in = 0.035, for all heat fluxes, h is highest nearest the entrance due to 

thermal entrance effects, then decreases appreciably for a short distance downstream until it 

reaches the minimum due to the flow becoming thermally fully developed, remains rather constant 

in the channel middle, and finally increases gradually toward the exit due to flow acceleration 

effects.  At any streamwise location, the hz profiles increase in magnitude until 72.21% q"CHF, and 

higher heat fluxes close to q"CHF lead to an overall reduced hz profile due to intermittent and/or 

partial dryout and insulation of the heated wall with the produced vapor.  These same trends are 

also observed at higher inlet qualities.  Notice how the hz profiles for ~95-99% q"CHF are the lowest 

compared to those for the other heat fluxes for their operating conditions, and as xe,in increases, 

these profiles have lesser magnitudes and shift downwards.  The highest heat flux of 94.12% q"CHF 
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in the top-most plot does convey degraded heat transfer, which is not very severe to bring the entire 

hz profile to the bottom. 

Overall, the double-sided heating cases in Fig. 14(b) yield similar trends as single-sided 

heating.  The differences in the hz profiles between the two heating configurations and between 

each wall during double-sided heating can be explained by the same reasons discussed in section 

4.2. 

 

4.4  Average Heat Transfer Coefficient 
Average heat transfer coefficient ( ) variations with wall heat flux are included in Figs. 

15(a), 15(b), and 15(c), respectively for single-sided heating at fixed G, double-sided heating at 

fixed G, and double-sided heating at fixed xe,in.  Included in each plot are curves for different 

operating parameters.  It is again noted that, as already reasoned in sections 2.7 and 4.3, some of 

the lowest heat flux datapoints are excluded.  All curves follow the same trend: a very high heat 

transfer coefficient at very low heat fluxes due to the wall temperature being very close to the fluid 

temperature, a sharp decrease as heat flux is increased until a local minimum, followed by a gradual 

increase leading to a local maximum, and finally another decrease at high heat fluxes leading to a 

minimum at CHF.  It is hypothesized that the very high  at very low heat fluxes is due to the 

large contribution of bubble nuleation within the annular liquid layer to cooling the wall, and the 

extreme  decline with increasing heat flux is due to be the much reduced contribution of 

nucleation boiling heat transfer and transition to convective boiling dominant heat transfer.  The 

gradual increase is due to the dominance of convective boiling heat transfer and moderate heat 

fluxes producing more vapor causing larger flow acceleration. At the peak, the positively-

impacting acceleration effects are matched by the negatively-impacting larger void fraction within 

the channel.  The decrease downstream of the peak is due to the much larger vapor void within the 

channel preventing sufficient fresh liquid replenishment to the heated walls, resulting in temporal 

and/or partial dryout.  

In Fig. 15(a), for G = 790.01 kg/m2s, xe,in = 0.518 yields a higher  than that for 0.140 at 

lower heat fluxes and lower  at higher heat fluxes.  For the same G, higher xe,in means a higher 

liquid-vapor mixture velocity through the channel due to flow acceleration and a higher vapor void 

fraction.  At higher xe,in, these effects lead to a fast-moving thin film along the heated wall yielding 

higher , but at higher heat fluxes, the scarcity of liquid in the same film leads to partial dryout 

yeilding smaller q"CHF.  In Fig. 15(b), for G = 500.04 kg/m2s, even though the xe,in increase from 

0.330 to 0.401 is smaller, the same trends are observed at higher heat fluxes for the same reasons, 

but the difference in  is indistinct at lower heat fluxes, possibily due to the higher pin and the 

associated difference in thermophysical properties.  For G = 1199.95 kg/m2s, the trends at lower 
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heat fluxes are the same as already explained, but there does not seem to be a clear difference in 

 at higher heat fluxes due to the smaller inlet qualities. 

In Fig. 15(c), for the same inlet quality, higher G yields both a higher q"CHF and a higher 

 both at lower and higher heat fluxes due to the increased mixing of the two-phase mixture, 

increased turbulence, and ability to remove the produced vapor along the heated wall and replenish 

it with liquid for both evaporation and nucleate boiling. 

 
5.  Experimental CHF Results and Model Predictions 

5.1  Consolidated CHF Database and Experimental Trends 
Leading up to the experiments on the ISS, a consolidated CHF database for saturated two-

phase inlet was compiled from CHF data obtained both during the MST as well as some prior 

experiments [48,54].  This creates a comprehensive database consisting of a vast range of operating 

conditions, heating configurations, and flow orientations with respect to Earth gravity.  A summary 

of the operating parameter ranges of the consolidated saturated-inlet CHF database is provided in 

Table 4. 

Experimental results of a sample of the CHF database are shown in Fig. 16.  Figs. 16(a) 

and 16(b) show CHF results for two different ranges of inlet quality at different orientations and 

mass velocities for single- and double-sided heating, respectively.  Similar trends exist between 

the two heating configurations.  q"CHF is shown to be strongly a function of mass velocity.  For 

both configurations, increasing the mass velocity has shown to increase q"CHF for all orientations.  

One exception is for horizontal single-sided bottom heating, increasing the mass velocity from G 

≈ 200 to 400 kg/m2s yielded identical q"CHF at the lower inlet quality range.  q"CHF at these low 

flow rates is expected to be similar.  As observed in [54], mass velocities of G ≤ 400 kg/m2s during 

horizontal bottom wall heating experienced q"CHF resembling pool boiling.  This is also reflected 

at the higher inlet quality range where the increase in q"CHF observed for horizontal bottom wall 

heating is drastically lower than other orientations when increasing mass velocity from G ≈ 200 to 

400 kg/m2s.  It is noted that the q"CHF values being exactly identical at the lower inlet quality is 

due to CHF isolation error and the true q"CHF would be expected to be slightly lower at G ≈ 200 as 

compared to 400 kg/m2s. 

Focusing on single-sided heating in Fig 16(a), clear trends can be seen with respect to 

orientation.  For both inlet quality ranges, at low mass velocities, horizontal bottom wall heating 

and top wall heating produced the highest and lowest q"CHF, respectively.  This is due to buoyancy 

playing a major role, causing the flow to stratify as vapor congregates along the top wall.  During 

bottom wall heating buoyancy aides in removing vapor from the heated wall as boiling occurs and 

promotes liquid replenishment to the heated wall.  But during horizontal top wall heating, 
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buoyancy has the opposite effect and creates a vapor barrier adjacent to the heated wall that 

prevents liquid contact, yielding low q"CHF.  The vertical orientations fall between horizontal top 

and bottom wall heating for low and intermediate flow rates with vertical upflow slightly 

outperforming downflow due to influence of buoyancy.  In vertical upflow, buoyancy is in the 

same direction as flow and helps convecting the produced vapor out of the channel, but in vertical 

downflow, buoyancy acts against the flow and impedes the vapor from leaving the channel 

eventually causing CHF; but this impedance is not so severe to prevent fresh liquid replenishment 

to the heated wall and the respective q"CHF values are larger than for horizontal top wall heating.  

As flow rate is increased, the influence of gravity is mitigated by the greater flow inertia and q"CHF 

for all orientations begin to converge.  This convergence occurs at a lower flow rate for higher 

inlet qualities due to the higher velocity of each phase and thus greater inertia.  Beyond a certain 

G to limit orientation effects, the two xe,in ranges show negligible differences in q"CHF. 

The double-sided heating results in Fig. 16(b) portray similar trends as single-sided 

heating.  The impact of orientation is apparent at low flow rates, and horizontal flows yield the 

lowest q"CHF amongst all due to vapor stratification at the top heated wall.  Both vertical flow 

orientations demonstrate negligible preference of CHF manifesting at either wall, with vertical 

upflow yielding the highest q"CHF and downflow intermediary values between upflow and 

horizontal flow.  Gravity independence is again achieved above a certain G, and this conclusion 

has already led to criteria for achieving the same for both flow boiling and condensation [51,67].  

The one main difference between single- and double-sided heating is that the latter generates more 

vapor than the former, resulting in larger flow acceleration and gravity independence achieved at 

relatively lower G. 

Figures 16(c) and 16(d) show the variation of q"CHF with xe,in for G ~ 800 kg/m2s at different 

orientations for single- and double-sided heating, respectively.  For both heating configurations, 

an inconsistent trend is initially seen across the different orientations.  In most cases, q"CHF initially 

increases as xe,in is increased until a certain xe,in.  However, all cases show q"CHF eventually 

decreasing with xe,in.  It can be deduced that, for a given set of operating conditions, there exists 

an inlet quality at which q"CHF peaks and after which, q"CHF decreases with quality.  As xe,in is 

increased, two phenomena occur: (i) the inertia of each phase increases and (ii) the vapor void 

fraction within the channel increases.  The former phenomenon dominates over the latter at lower 

xe,in and the latter dominates at higher xe,in, with the crossover occurring at the xe,in for which the 

peak q"CHF is observed. 

 

5.2  CHF Model 
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 The Interfacial Lift-off Model, originally developed by Galloway and Mudawar [68,69], 

has shown excellent accuracy in predicting flow boiling CHF for a variety of inlet conditions, 

heating configurations, and gravitational environments [22,41,58].  The model describes a wavy 

vapor layer that forms along the heated wall.  Troughs in the wavy interface between the liquid 

and vapor, called wetting fronts, allow for liquid to access the heated wall.  Within the wetting 

fronts, vigorous boiling occurs as they propagate down the heated wall.  Wetting fronts are 

hypothesized to be the last source of cooling for the heated wall, and CHF is postulated to occur 

when vapor momentum at the wetting front causes it to lift off the heated wall.  At this point, 

boiling is halted and the heat that was being removed in the now detached wetting front is 

transferred axially to neighboring wetting fronts causing a chain reaction of wetting front 

extinguishment.  Kharangate et al. [48] showed the model can be modified to accurately predict 

CHF for two-phase inlet conditions.  This version of the Interfacial Lift-off Model is used here to 

make CHF predictions for the consolidated saturated-inlet FBCE-CHF database.  A brief 

description of the model and its procedure are provided for a case with single-sided heating.  A 

summary of key equations required in the model are provided in Table 5; note that g = ge for this 

study because the entire database was obtained in Earth gravity.  Further details of the model and 

description for double-sided heating can be found in [48]. 

The Interfacial Lift-off Model is composed of 4 sub-models that are used in conjunction to 

predict CHF.  First, a separated flow model is used to predict axial variations in pressure, phase 

velocities, quality, and void fraction.  The modeled cross-section of the flow for single-sided 

heating with inlet void is shown in Fig. 17, where each layer is assumed to be its own phase.  For 

the example depicted, three phases are utilized: the central vapor core, annular liquid layer of 

uniform thickness ε, and vapor layer generated along the heated wall.  Note that for a case with 

double-sided heating, another vapor layer would be present along the other heated wall.  These 

parameters will be used as inputs for the remaining sub-models.  It is important to note the 

following assumptions adopted for the separated flow model:  

(i) the vapor layer along the wall is initiated at the leading edge of the heated wall,  

(ii) the vapor core maintains its quality along the channel,  

(iii) velocity of each phase layer is uniform within the channel’s cross-section,  

(iv) pressure is uniform across the channel’s entire cross-section,  

(v) phases are maintained at local saturation temperature,  

(vi) vapor produced at the wetting front does not contribute to streamwise momentum, and,  

(vii) during double-sided heating, equal heat flux is applied to each heated wall.   

The next sub-model to be applied is based on classical instability theory [69–71] of two 

fluids moving at different velocities and is utilized to describe the interface between the liquid 
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layer and vapor layer along the heated wall as an ideal sinusoid.  The stability of the interface is 

determined by the relative magnitudes of inertia, surface tension, and body force.  The goals of the 

stability analysis are to determine the critical wavelength of the interface, which corresponds to 

the onset of instability, and the interfacial curvature and its associated pressure force which holds 

wetting fronts against the heated wall. 

 The final two sub-models are used to calculate the heat flux required to initiate lift-off.  

CHF is triggered once the momentum of vapor normal to the wall in the wetting front exceeds the 

pressure force associated with interfacial curvature.  A simple energy balance is then used to relate 

the wall heat flux to the heat flux concentrated in the wetting fronts.   

 The model is initiated by determining the channel’s inlet void fraction by utilizing the 

conservation of momentum equations of the separated flow model with adiabatic conditions.  The 

channel is assumed to contain a vapor core with liquid surrounding it as depicted in Fig. 17.  q"CHF 

is then predicted, and the separated flow model is called upon coupled with a fourth-order Runga-

Kutta numerical scheme to determine the flow properties along the channel.  During solution of 

the separated flow model, the axial location where the velocity of the vapor phase surpasses that 

of the liquid phase is recorded as zo.  A critical wavelength, λc, is assumed and the separated flow 

model is proceeded with until z*, where z*= zo+λc.  A new critical wavelength is determined using 

the equation in Table 5 and this process is repeated until the assumed wavelength equals the 

calculated wavelength.  Once the critical wavelength for the assumed heat flux is known, q"CHF is 

found using the equation provided in Table 5, evaluated at z*.  The entire process is repeated until 

the assumed heat flux converges to the calculated q"CHF.  In the case of double-sided heating, the 

process is repeated for each heated wall and the minimum of the q"CHF values obtained for each 

wall is deemed the true q"CHF.  

 

5.3  Comparison of CHF Model Predictions with Experimental Data 
While the Interfacial Lift-off model has proven to be effective for a broad range of 

operating conditions, limitations exist for the applicability of the model.  Kharangate et al. [48] 

observed that the interfacial behavior was entirely dominated by the effects of gravity for G ≤ 400 

kg/m2s.  In the present study, the Interfacial Lift-off Model is utilized to predict q"CHF for all cases 

with G ≥ 500 kg/m2s, which is slightly higher than the visual evidence suggests in order to limit 

errors occurring at transition from the gravity dominated regime.  The finalized set of operating 

conditions tasked to the Interfacial Lift-off model is presented in Table 6.  Figs. 18(a) and 18(b) 

compare q"CHF predicted by the Interfacial Lift-off Model to experimental q"CHF for a subset of the 

consolidated database described in Table 6 for single- and double-sided heating, respectively.  The 
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predictive accuracy of each model is determined by calculating the mean absolute error, MAE, and 

statistical inliers, ξ15 and ξ30.  With N data points, the MAE is calculated as 

 . (9) 

Figure 18(a) shows q"CHF for single-sided heating is predicted with a MAE of 10.16% (for 

N = 66) with 95.45% of datapoints predicted within ±30%.  Fig. 18(b) shows a MAE of 14.27% 

(for N = 52) for double-sided heating with 86.54% of datapoints predicted within ±30%. These 

statistics reflect excellent predictive capability for both heating configurations and a wide range of 

operating conditions.  Further details regarding the predictive capabilities of the Interfacial Lift-

off Model at each orientation are available in Table 6. 

 

6.  Conclusions 
This study explored flow boiling of nPFH with saturated mixture inlet based on results 

obtained from the final pre-launch Earth-gravity Mission Sequence Tests (MST) of the Flow 

Boiling and Condensation Experiment’s (FBCE) Flow Boiling Module (FBM) in vertically upflow 

orientation.  Experiments were performed using the same experimental system that was launched 

to the International Space Station (ISS) in August 2021.  High-speed video photographs were 

presented for various operating conditions and assessed.  Heat transfer results in terms of flow 

boiling curves, streamwise wall temperature profiles, streamwise heat transfer coefficient profiles, 

and average heat transfer coefficients were presented and explained.  In order to broaden the scope 

of analysis with broader ranges of operating conditions and different orientations, CHF data from 

the MST were combined with some prior databases to form a consolidated FBCE-CHF database 

for saturated inlet.  CHF trends from this database were explained and the interfacial lift-off model 

employed to make predictions.  Key conclusions from this study are: 

(1) The high-speed images for saturated inlet were not as clear or distinct as those for 

subcooled inlet.  Density wave oscillations were prominent with low- and high-density fronts 

passing through the channel, the lengths of which were dependent on the operating conditions.  

The flow patterns within the heated section were mainly dictated by the inlet quality.  High inlet 

qualities showed a predominantly vapor-filled channel interspersed with thin high-density fronts.  

Low inlet qualities displayed a more complex periodic behavior with alternating high-density-

dominant and low-density-dominant periods.  The low-density-dominant period was similar to 

high inlet qualities while the high-density-dominant period had very long high-density fronts 

filling up the entirety of the channel with mostly liquid.  No discernible differences were seen upon 

increasing the heat flux from a minimum until CHF.  Careful examination showed small bubbles 

nucleating within the liquid film next to the wall. 
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(2) Inlet quality and mass velocity played the most important role in determining the flow 

boiling curves.  Lower inlet qualities and/or higher mass velocities yielded better heat transfer 

performances and higher q"CHF. 

(3) Both the streamwise wall temperature and heat transfer coefficient profiles showed CHF 

to manifest not at the exit, but rather a short distance upstream of the exit. 

(4) Upon increasing wall heat flux, average heat transfer coefficient decreased from very high 

values, reached a local minimum, gradually increased until a local maximum, and finally decreased 

again to a minimum at CHF. 

(5) The consolidated FBCE-CHF database showed, for single-sided heating, q"CHF to be higher 

in the order of horizontal flow bottom wall heated, vertical upflow, vertical downflow, and 

horizontal flow top wall heated.  Gravity independence was achieved at higher mass velocities.  

Increasing mass velocity monotonically increased q"CHF, but increasing inlet quality led q"CHF to 

first increase until a peak and then decrease. 

(6) The interfacial lift-off model showed good accuracy in predicting CHF values with an 

overall mean absolute error of 11.97% for the consolidated FBCE-CHF database constrained by 

mass velocities ≥ 500 kg/m2s.  

(7) Overall, MST of the FBCE’s FBM was successful for saturated inlet conditions.  The ISS-

destined experimental facility worked as intended and some minor unexpected snags during MST 

can be easily addressed with minor tweaks to the future operating procedure.  Further analysis of 

all data confirmed reliability of the upcoming ISS data. 
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Table 1  Key dimensions of test module (FBM). 
Upstream development length, Ld 327.7 mm 
Heated length, Lh 114.6 mm 
Downstream exit length, Le 60.7 mm 
Thermocouple locations (7) from heated  5.4, 22.7, 40.0, 57.3, 74.6,  
        section start, ztc        91.9, 109.2 mm 
Channel height (unheated), H 5.0 mm 
Channel width (heated), W 2.5 mm 

 

Table 2  Measurement uncertainties. 

Measured Parameters Maximum Uncertainty 
Temperature (thermocouples) ±0.5°C 
Temperature (RTDs) ±0.5°C 
Pressure ±0.7 kPa 
FBM heater power ±0.3% reading 
Preheater power ±0.6% reading 
Mass flow rate ±0.6% reading 

 

Table 3  Summary of key parameters of MST steady-state database for saturated inlet. 

 Single-sided Heating Double-sided Heating 
Mass velocity, G 429.98 – 1600.04 kg/m2s 379.87 – 2400.00 kg/m2s 
Mass flowrate, !̇ 5.37 – 20.00 g/s 4.75 – 30.00 g/s 
Inlet pressure, pin 119.94 – 161.93 kPa 119.61 – 179.23 kPa 
Inlet temperature, Tin 65.71 – 76.90˚C 66.29 – 79.54˚C 
Inlet quality, xe,in 0.018 – 0.519 0.011 – 0.405 
Wall heat flux, q"w 1.79 – 29.70 W/cm2 1.77 – 28.69 W/cm2 

Outlet pressure, pout 113.60 – 159.80 kPa 112.60 – 159.39 kPa 
Outlet temperature, Tout 59.53 – 70.56˚C 59.00 – 70.33˚C 
Outlet quality, xe,out 0.070 – 0.607 0.047 – 0.613 
Local wall temperature, Twa,z 61.67 – 120.51°C (heated) 

59.93 – 70.71°C (unheated) 
61.49 – 113.77°C 
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Table 4  Summary of the consolidated saturated-inlet FBCE-CHF database. 

Heating  N 
G 
[kg/m2s] 

  
[g/s] 

pin  
[kPa] 

Tin  
[°C] 

xe,in 
pout  
[kPa] 

Tout  
[°C] 

xe,out 
q"CHF 
[W/cm2] 

Single-

sided 

Horizontal 

flow; bottom 

wall heated 

31 
192.52 – 

1592.90 

2.41 – 

19.91 

115.28 – 

183.18 

54.44 – 

76.87 

0.004 – 

0.633 

113.92 – 

159.11 

59.89 – 

67.74 

0.049 – 

0.780 

11.31 – 

25.96 

Horizontal 

flow; top 

wall heated 

31 
194.89 – 

1600.96 

2.44 – 

20.01 

114.17 – 

179.91 

57.36 – 

77.29 

0.003 – 

0.658 

113.24 – 

158.13 

56.56 – 

67.26 

0.044 – 

0.720 

3.76 – 

25.21 

Vertical 

upflow 
38 

193.07 – 

1631.91 

2.41 – 

20.40 

110.33 – 

181.75 

56.19 – 

79.10 

0.004 – 

0.686 

108.02 – 

158.80 

58.00 – 

70.56 

0.039 – 

0.794 

8.38 – 

29.89 

Vertical 

downflow 
31 

199.34 – 

1626.63 

2.49 – 

20.33 

119.38 – 

182.29 

58.88 – 

80.60 

0.011 – 

0.668 

114.83 – 

154.38 

59.66 – 

66.52 

0.044 – 

0.766 

6.48 – 

23.09 

Overall 131 
192.52 – 

1631.91 

2.41 – 

20.40 

110.33 – 

183.18 

54.44 – 

80.60 

0.003 – 

0.686 

108.02 – 

159.11 

56.56 – 

70.56 

0.039 – 

0.794 

3.77 – 

29.89 

Double- 

sided 

Horizontal 

flow 
35 

183.49 – 

158.83 

2.29 – 

19.81 

115.19 – 

221.04 

52.05 – 

78.75 

0.013 – 

0.635 

113.61 – 

215.65 

56.23 – 

78.27 

0.097 – 

0.781 

4.05 – 

23.15 

Vertical 

upflow 
42 

197.13 – 

1587.23 

2.46 – 

19.84 

109.71 – 

229.32 

52.79 – 

80.00 

0.008 – 

0.678 

106.93 – 

223.68 

58.99 – 

79.62 

0.098 – 

0.901 

8.82 – 

30.08 

Vertical 

downflow 
32 

200.97 – 

1604.47 

2.51 – 

20.06 

108.06– 

231.32 

42.13 – 

81.30 

0.009 – 

0.656 

108.47 – 

225.66 

55.86 – 

79.00 

0.089 – 

0.866 

8.26 – 

28.76 

Overall 109 
183.49 – 

1604.47 

2.29 – 

20.06 

108.06 – 

231.32 

42.13 – 

81.30 

0.008 – 

0.678 

106.93 – 

225.66 

55.86 – 

76.62 

0.089 – 

0.901 

4.05 – 

30.08 

Overall  240 
183.49 – 

1631.91 

2.29 – 

20.40 

108.06 – 

231.32 

42.13 – 

81.30 

0.003 – 

0.686 

106.93 – 

225.66 

55.86 – 

76.62 

0.039 – 

0.901 

3.77 – 

30.08 

 

m!
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Table 5  Summary of equations used in the interfacial lift-off model for single-sided heating.   
Adapted from [48]. 

Conservation of momentum 

;   

   

Local velocity  

;     ;      

Wall shear stress [72] 

 

Wall friction factor 

 

Phase Reynolds number 

 

Friction factor constants 

for laminar flow ( ):  

for transitional flow ( ):   

for turbulent flow ( ):  

Interfacial shear stress [69] 

;     ;      

Conservation of energy 

;      

Critical wavelength 

; 

;   ;    

Lift-off criteria 

;    b = 0.2 
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Table 6  Summary of operating conditions used as input for CHF model, predicted CHF values with corresponding critical 
wavelengths, and statistics of predictions. 

Heating Orientation N 
G  
[kg/m2s] 

pin  
[kPa] 

Tin  
[°C] 

xe,in 
q"CHF,pred 
[W/cm2] 

λc  
[mm] 

MAE 
[%] 

ξ30 [%] 
(±30%) 

ξ15 [%] 
(±15%) 

Single-
sided 

Horizontal 
Bottom 

15 
779.95 – 
1592.90  

120.99 – 
183.18 

63.16 – 
76.87  

0.004 – 
0.400 

13.92 – 
27.64 

1.26 – 
2.77 

9.55 100.00 73.33 

Horizontal 
Top 

15 
785.87 – 
1600.96 

118.53 – 
179.91 

62.48 – 
77.29 

0.003 – 
0.404 

12.92 – 
21.58 

1.31 – 
3.21 

13.03 93.33 73.33 

Up 21 
789.89 – 
1631.91 

123.50 – 
181.75  

63.64 – 
79.10 

0.004 – 
0.518 

13.39 – 
23.50 

1.07 – 
2.99 

11.56 85.71 76.19 

Down 15 
780.77 – 
1626.63  

119.91 – 
182.29  

61.50 – 
80.60  

0.011 – 
0.440 

12.59 – 
20.68 

1.21 – 
4.32 

5.94 100.00 100.00 

Overall 66 
779.95 – 
1631.91  

118.53 – 
183.18  

61.50 –
80.60  

0.003 –
0.518 

12.59 – 
27.64 

1.07 – 
4.32 

10.16 95.45 81.81 

Double-
sided 

Horizontal 16 
777.42 – 
1584.83 

124.55 – 
221.04  

63.34 – 
78.68  

0.013 – 
0.392  

12.18 – 
18.06 

1.57 – 
6.40 

15.92 93.75 50.00 

Up 22 
500.03 – 
1587.23  

128.52 – 
229.32 

64.92 – 
80.00 

0.008 – 
0.404 

12.00 – 
27.64 

1.44 – 
2.95 

14.63 81.81 59.09 

Down 14 
771.72 – 
1604.47  

124.53 – 
231.32  

62.47 – 
81.30  

0.015 – 
0.405 

12.35 – 
20.96 

1.42 – 
5.06 

11.80 85.71 78.57 

Overall 52 
500.03 – 
1604.47  

124.53 – 
231.32 

62.47 – 
81.30 

0.008 – 
0.405 

12.00 – 
27.64 

1.42 – 
6.40 

14.27 86.54 61.54 

Overall  118 
500.03 – 
1631.91 

118.53 – 
231.32 

61.50 – 
81.30 

0.003 – 
0.518 

12.00 – 
27.64 

1.07 – 
6.40 

11.97 91.53 72.88 

 

 

 



Fig. 1 Schematic diagram of experimental two-phase flow loop.
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Fig. 2 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.



Fig. 3 Temporal variations of fluid inlet, fluid outlet, and heated-strip temperatures for heat 
flux increments until CHF for a set of operating conditions.
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Fig. 4 Variations of measured fluid temperature, measured pressure, and corresponding 
saturation temperature at FBM heated section inlet with increasing heat flux until 
CHF for a set of operating conditions.
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Fig. 5 (a) Schematic representation of single-sided heating configurations. Flow patterns 
along the boiling curve until CHF for saturated inlet qualities of xe,in = (b) 0.518 with 
right wall heated and (c) 0.143 with left wall heated at a mass velocity of G ≈ 790
kg/m2s. Note that the inlet pressures are different.
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Fig. 6 Flow visualization image sequence at CHF for single-sided (left wall) heating, 
zoomed-in over the downstream portion of the channel.  Note the thin vapor layer 
next to the left heated wall.  Time interval between successive images is 0.5 ms.
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Fig. 7 (a) Schematic representation of double-sided heating configuration. Flow patterns 
along the boiling curve until CHF for saturated inlet qualities of xe,in = (b) 0.401 at 
G ≈ 500 kg/m2s and (c) 0.129 at G ≈ 1200 kg/m2s. Note that the inlet pressures are 
different.
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Fig. 8 Flow visualization image sequences at the heat flux extremes for saturated 
inlet qualities of xe,in = (b) 0.401 at G ≈ 500 kg/m2s with double-sided heating 
and (c) 0.518 at G ≈ 790 kg/m2s with single-sided heating. Images in each 
sequence are 2 ms apart.
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Fig. 9 Flow visualization image sequences for a low saturated inlet quality of xe,in = 
0.129 at a heat flux of q"w = 15.45% q"CHF with double-sided heating: (a) 
overall behavior over a longer time period, (b) low-density-dominant period, 
and (c) transition to high-density-dominant period.
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Fig. 10 Flow visualization image sequences for a low saturated inlet quality of xe,in = 
0.129 at a heat flux of q"w = 95.41% q"CHF with double-sided heating: (a) 
overall behavior over a longer time period, (b) low-density-dominant period, 
and (c) transition to high-density-dominant period.
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Fig. 11 Boiling curves for double-sided heating configuration at a fixed inlet quality of xe,in = 0.224.
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Fig. 12 Boiling curves for both (a) single-sided and (b) double-sided heating configurations at various 
operating conditions.  Mass velocity is constant in each sub-plot.
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Fig. 13 Streamwise local wall temperature profiles for different heat fluxes with both (a) 
single-sided and (b) double-sided heating configurations at a variety of operating 
conditions.
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Fig. 14 Streamwise local heat transfer coefficient profiles for different heat fluxes with both 
(a) single-sided and (b) double-sided heating configurations at a variety of operating 
conditions.
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Fig. 15 Average heat transfer coefficient variations with wall heat flux for both (a) single-
sided and (b) double-sided heating configurations at fixed mass velocities and (c) 
double-sided heating at a fixed inlet quality.
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Fig. 16 Experimental CHF variations with respect to mass velocity for both (a) single-sided 
and (b) double-sided heating, and inlet quality for both (c) single-sided and (d) 
double sided heating.
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Fig. 17 Schematics of modeled phase layers and channel cross-section used in the interfacial lift-off model. 
Adapted from Kharangate et al. [48].
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(b)(a)

Fig. 18 Comparison of experimental and predicted CHF values for both (a) single-sided and (b) 
double-sided heating.

0 5 10 15 20 25 30 35
0

5

10

15

20

25

30

35

q"
C
H
F,
pr
ed
[W
/c
m
2 ]

q"CHF,exp [W/cm2]

Horizontal, Bottom
Horizontal, Top
Vertical Up
Vertical Up (MST)
Vertical Down

Single-sided 
Heating

N = 66
MAE = 10.16%

+3
0%

-30%

0%

0 5 10 15 20 25 30 35
0

5

10

15

20

25

30

35

q"
C
H
F,
pr
ed
[W
/c
m
2 ]

q"CHF,exp [W/cm2]

Horizontal
Vertical Up
Vertical Up (MST)
Vertical Down

Double-sided 
Heating

N = 52
MAE = 14.27%

+3
0%

-30%

0%


