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ABSTRACT

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.

1. Introduction

management systems offer the advantage of utilizing the working
fluid’s both sensible and latent heat. This results in massive im-

1.1. Two-phase systems in future space missions

Future space missions will dwarf those of the past and present
with respect to scope, size, complexity, and duration. Accompa-
nying new, expansive missions will be unique technological chal-
lenges such as the need to reduce size and weight of thermal man-
agement systems while improving performance. Heat dissipation
is commonly handled by single-phase cooling systems which rely
solely on a fluid’s sensible heat. In contrast, two-phase thermal
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provements to heat transfer coefficients when compared to tradi-
tional single-phase systems. The increased heat transfer effective-
ness allows the smaller, lighter, two-phase systems to accomplish
the same amount of heat removal as their bulkier single-phase
counterparts. Two-phase systems have the potential to play a ma-
jor role in reducing the size of future onboard thermal control sys-
tems (TCSs), which maintain the environment inside a space ve-
hicle, and Rankine power cycles coupled with fission power sys-
tems, which demand very high power to mass ratios and look to
be integral in future space missions [1,2]. Implementing two-phase
thermal management in these applications would involve numer-
ous boiling and condensation processes.
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Nomenclature

A channel cross-sectional area; area

b ratio of wetting front length to wavelength
Cq, Gy, C3 constants

wave speed

specific heat at constant pressure
hydraulic diameter

friction factor

mass velocity, m/A

gravitational acceleration
gravitational acceleration on Earth
height of channel

enthalpy

latent heat of vaporization

Ahgyp hy - hy

wave number; thermal conductivity
length

mass flow rate

number of data points

perimeter

pressure

heat flux

critical heat flux

Reynolds number

temperature

Tsup fluid subcooling, Tsgr — Ty

time

mean phase velocity; velocity

width of channel

flow quality

thermodynamic equilibrium quality
coordinate normal to interface

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

axial location for determining vapor layer thick-
ness and critical wavelength
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Greek symbols

o void fraction

evaporation rate per unit axial distance
mean vapor layer thickness
heat utility ratio

interfacial perturbation
orientation angle of channel
wavelength

dynamic viscosity

density

modified density

surface tension

shear stress
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Subscripts

corresponding to either heated wall (= 1 or 2)
local bulk liquid

critical

development

exit

exp experimental

saturated liquid; bulk fluid
saturated vapor

heated

interfacial

o Qo T Q

~ =0

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 (= w1 or w2)
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
schemes. They include capillary flow [3], pool boiling [4], falling
film [5], macro-channel flow boiling [6], micro-channel flow boil-
ing [7-9], spray cooling [10], jet impingement cooling [11,12],
and hybrid of combinations of the other configurations [13]. Each
scheme offers performance merits, but also suffers certain short-
comings. However, implementing a two-phase thermal manage-
ment system in a space vehicle comes with unique design con-
straints. The ability to operate reliably in a closed loop in micro-
gravity renders both jets and sprays unfavorable. Jets, for example,
demand very high flow rates and pose the possibility for surface
damage due to impact and erosion. And, with sprays, it is difficult
to manage separation of liquid and vapor following impact. Pool
boiling is ineffective in microgravity environments due to its re-
liance on body force to remove vapor from the heated wall and is
therefore prone to very low critical heat flux (CHF) values, q"cyr,
in microgravity as vapor coalescences unabated along the heated
wall [14]. On the other hand, flow boiling remains a viable config-
uration for thermal management in microgravity. Unlike the afore-
mentioned schemes, flow boiling relies on flow inertia to flush va-
por away from the heated wall while operating in a fully closed
loop and requires relatively low pumping power.

A plethora of information exists regarding flow boiling and its
performance in terrestrial gravity. However, more information is
required to optimally implement flow boiling systems in micro-
gravity, where the effect of body force is greatly diminished, and
flow behavior will differ from that in Earth gravity. This may im-
pact the accuracy and applicability of many existing databases, cor-
relations, and models that were produced in a terrestrial environ-
ment. In order to be confident of system performance in space, it
is a necessity to obtain flow boiling data in a reduced gravity envi-
ronment to better understand the effects of gravity on heat trans-
fer and flow physics.

1.2. Subcooled flow boiling

Heat transfer characteristics of a boiling flow are strongly de-
pendent on the operating conditions of the system. One parame-
ter that can greatly influence the mechanisms of heat transfer is
inlet quality. In a flow boiling system, the fluid enters either as
a subcooled single-phase liquid (be it highly subcooled or near-
saturated) or a two-phase saturated mixture. A fluid that enters in
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either a saturated or near-saturated state will predominantly han-
dle heat dissipation by liquid vaporization. Here, the exact mecha-
nism will change as quality increases along the streamwise direc-
tion. In lower quality regions, heat dissipation will be in the form
of bubble nucleation at the heated wall. As the vapor quality in-
creases, the flow regime transitions from bubbly to slug or churn
and eventually annular. At this point, the dominant mechanism of
heat transfer becomes evaporation at the liquid-vapor interface.

Highly subcooled inlet conditions involve a more complicated
heat transfer process as a portion of the channel will be occu-
pied by the subcooled boiling regime. In this regime, heat dissipa-
tion occurs as a combination of single-phase forced convection and
bubble nucleation [15-17]. It is also common for vapor bubbles to
condense back to liquid as they drift into the subcooled core of
bulk liquid. The exact portion of heat transfer each component is
responsible for will vary as the bulk temperature of the flow is in-
creased. Up until the onset of nucleate boiling (ONB), only liquid
will be present in the channel and heat transfer is entirely facili-
tated by single-phase forced convection. The subcooled flow boil-
ing region itself can be demarcated based on the physics within
the channel [18-20]. Downstream of ONB, the partially developed
boiling (PDB) region is entered, where more nucleation sites be-
come active, and the influence of single-phase forced convection
decreases. In PDB, the bubbles remain attached to the wall and
might slide along it. Bubbles are constrained from getting much
larger due to the large condensing effect of the subcooled bulk lig-
uid. As the liquid’s subcooling decreases, the point of net vapor
generation (NVG) [21] is reached, and bubbles are capable of de-
taching from the wall and entering the core. This point typically
reflects the achievement of fully developed boiling (FDB), where
the influence of single-phase convection is negligible. The departed
bubbles keep shrinking as they enter deeper into the subcooled
liquid and condense. The flow will remain subcooled until the bulk
liquid is able to reach saturation temperature.

1.3. Critical heat flux

Perhaps the most important design parameter when it comes
to heat-flux-controlled two-phase thermal management systems is
CHF [22], which acts as the upper limit to the nucleate boiling
regime. During nucleate boiling, liquid along the heated wall is
vaporized causing the formation, growth, and departure of vapor
bubbles. As bubbles move away from the wall, they are rapidly re-
placed by the bulk liquid in a cyclical manner. This process yields
high heat transfer coefficients and relatively low surface temper-
atures making it the ideal operating range for efficient heat dis-
sipation. Nucleate boiling is sustained up until CHF, which occurs
when the bulk liquid is no longer able to access the heated wall
and bubble nucleation at the wall comes to a halt. The heat dis-
sipation mechanism then shifts to film boiling, in which, a layer
of vapor occupies the region adjacent to the heated wall. Heat is
transferred through the vapor to the interface where evaporation
occurs, however, due to the low thermal conductivity of vapor, wall
temperatures are drastically higher than those in the nucleate boil-
ing regime. The transition from the nucleate to film boiling regime
is abrupt and manifests as a rapid unsteady rise in surface temper-
ature as heat transfer coefficients plummet. This leads to overheat-
ing, burn out, and system failures.

Due to the catastrophic nature of CHF, the development of de-
sign tools to predict CHF is of the utmost importance. Researchers
have aimed to accomplish this through two main avenues. First
are readily available empirical correlations based off experimen-
tal data. Correlations have their limitations, and their application
is not always appropriate. Many correlations are developed for a
limited range of fluids, operating conditions, and geometries. Be-
cause of this, extrapolation of correlations to previously untested
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operating conditions can be unpredictable and result in wild inac-
curacies [22,23].

The other avenue used for CHF prediction is analytical mod-
els. These are derived from the underlying mechanisms of CHF and
are coupled with empirical constants to obtain closure. Analytical
models generally have broader applications than most correlations,
however, they are scarcely available in the literature. Some avail-
able models are Boundary Layer Separation, Bubble Crowding, Sub-
layer Dryout, and Interfacial Lift-off. The Boundary Layer Separation
Model developed by Kutateladze and Leont’ev [24] utilizes an anal-
ogy between vapor effusion from the heated wall and gas injection
into a liquid boundary layer. As the gas velocity is increased to a
critical value, the velocity gradient near the wall will decrease and,
the boundary layer separates from the wall. This is compared to
vapor effusion during flow boiling reaching a production rate that
prevents liquid replenishment at the wall triggering CHF. The Bub-
ble Crowding Model developed by Weisman and Pei [25] postulates
that CHF occurs when vapor production results in a dense bubbly
layer adjacent to the heated wall that suppresses turbulent fluctua-
tions of liquid from accessing the heated wall. The Sublayer Dryout
Model proposed by Lee and Mudawar [26] considers a vapor blan-
ket that forms near the wall and traps a sublayer of liquid near
the wall. This sublayer is replenished from the bulk liquid and CHF
occurs when the heat dissipation requirements exceed the poten-
tial of the replenished liquid to dissipate the heat. The Interfacial
Lift-off Model postulated by Galloway and Mudawar [27,28], based
on extensive visual observation, describes a wavy vapor layer along
the heated wall. The troughs of the interfacial waves, termed wet-
ting fronts, allow liquid access to the heated wall where intense
boiling occurs as it propagates down the heated wall. CHF is postu-
lated to occur when vapor momentum at the wetting fronts causes
it to lift off the wall and boiling is impeded.

Zhang et al. [29] attempted to encapsulate the effect subcool-
ing will have on CHF by the development of a heat utility ratio.
The heat utility ratio is meant to describe the partitioning of heat
transferred to the fluid in forms of sensible and latent heat. The
developed correlation is based on experimental CHF results from
their own study as well as Sturgis and Mudawar [30,31]. Through
the incorporation of the heat utility ratio, Zhang et al. [29] and
Kharangate et al. [32] were able to achieve success in predicting
the effects of subcooling.

1.4. Objectives of present study

The present study is part of PU-BTPFL and NASA Glenn Research
Center’s collaborative Flow Boiling and Condensation Experiment
(FBCE), that will collect invaluable flow boiling and condensation
data in microgravity on the International Space Station (ISS). This
study aims to investigate CHF for subcooled flow boiling of nPFH
in Earth gravity. The results of the pre-launch Earth-gravity ex-
periments (called Mission Sequence Testing; MST) of FBCE's Flow
Boiling Module (FBM), which was launched to the ISS in August
2021, are presented. The flow configuration is vertical upflow boil-
ing with both single-sided and double-sided heating; reasons for
choosing these configurations are given in detail in [33]. Essen-
tially, (i) vertical upflow yields the highest q"cyr in Earth gravity
and is most similar to microgravity with respect to flow symme-
try within the channel and (ii) single- and double-sided heating
were experimented to enable simultaneous visualization of flow
boiling while heating and to observe the evolution of vapor layer
with and without any interaction from other walls (note that heat-
ing more than two walls would induce more three-dimensionality
to the flow and diminish the quality of visualization. The inter-
facial lift-off model is adopted to make predictions for a consol-
idated subcooled-inlet FBCE-CHF database of this MST data and
some older FBCE databases [32,34].



S.J. Darges, V.S. Devahdhanush, I. Mudawar et al.

188 Q Resistive Layer
(Covered with Glass
Passivation)

Oxygen-Free Trac\?pﬁarent Oxygen-Free
Copper Slab alls Copper Slab
N AN / AlLLO,
\ Substrate
Resistive Resistive
Heater |~ Heater
| w
-

Channel Height: H=5.0 mm
Channel Width: W =2.5 mm

(b)
nPFH
Outlet <:| i
“1 L
I A
ﬂ‘
I-h
_v

Flow Ny
Straightener N

AN

il

nPFH —
Inlet E> —

Development Length: Ly = 327.7 mm
Heated Length: L, =114.6 mm
Exit Length: L, =60.7 mm

(a) (c)

—Téi*‘

4x17.3 =
69.2 mm

International Journal of Heat and Mass Transfer 183 (2022) 122241

Solder Layer
(96% Tin - 4% Gold
Metallization)

Thermocouple
Holes

1.04

Oxygen-Free
114.6  Copper Slab

All dimensions in mm

Heated Wall 1 Heated Wall 2

Fig. 1. Schematic representations of (a) overall construction of Flow Boiling Module (FBM), (b) construction of heating slabs, and (c) substrate temperature measurement.

2. Experimental methods
2.1. Flow boiling module

A schematic diagram of the overall construction of the Flow
Boiling Module (FBM) is shown in Fig. 1(a). The FBM is mainly
comprised of three transparent polycarbonate plates sandwiched
together between two aluminum support plates. The support
plates offer structural integrity to the FBM, helping prevent buck-
ling and evenly spreading out bolting stresses. The flow channel is

formed by milling a 5.0-mm deep and 2.5-mm wide rectangular
slot into the middle polycarbonate plate. The flow channel is made
up of three sections: an upstream 327.7-mm development length, a
middle 114.6-mm heated length, and a downstream 60.7-mm exit
length. The development length serves to allow the flow to be-
come hydrodynamically fully developed before it enters the heated
section. The heated length is made by inserting two oxygen-free
copper heating slabs into the middle plate on opposite sides of
the flow channel. The other two channel walls within the heated
length are made of polycarbonate for flow visualization and as-
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Fig. 2. Schematic diagram of experimental two-phase flow loop.

sumed to be adiabatic during data analysis. Each heating slab is of
dimensions 114.6-mm length, 15.5-mm width, and 1.04-mm thick-
ness, and one side of each slab is in contact with the fluid and
forms the heating surface. As shown in Fig. 1(b), on the other side
of each slab are affixed a set of six thick-film resistive heaters of
dimensions 16.4-mm length, 4.5-mm width, and 0.56-mm thick-
ness in series. This is done by soldering with a 96% tin and 4% gold
composition. Each successive heater is separated by 0.9 mm to al-
low for the placement of substrate thermocouples. The heaters are
themselves made of an aluminum oxide substrate with a 188-2
resistive layer on its underside stretched between two solder pads.
Uniform heat flux distribution across the heating surface is ensured
by using heaters with the exact identical electrical resistance and
wiring them in parallel to a DC power supply. This heated wall de-
sign allows for fast temperature response and accurate CHF mea-
surement [35,36]. A maximum of 175 W power can be supplied to
each heating slab.

The fluid entry and exit ports of the FBM are placed at 90° an-
gles to the flow channel, but any large eddies are broken up and
flow streamlines straightened out by affixing a honeycomb core
close to the inlet. All solid-solid interfaces within the FBM are
made leak-proof by using NBR, HNBR, and neoprene O-rings.

2.2. Flow loop

Fig. 2 shows a schematic of the two-phase flow loop used to
supply the working fluid, normal-Perfluorohexane (nPFH), at con-
ditions desired at the FBM inlet. A magnetically-coupled internal
gear pump positively displaces the fluid in pure liquid state. A by-
pass relief valve is provided across the ends of the pump and set
to crack open if the pressure at the pump exit is higher than that
at the pump inlet by more than 29.00 psid (199.95 kPa). Another
relief valve is provided in parallel as a backup and cracks open at
30.00 psid (206.84 kPa). The liquid then passes through a Corio-
lis flow meter, where its flow rate is measured, and feedback is
given to the pump so that its speed of rotation can be adjusted to
deliver the desired flow rate. After passing through a filter, where

any possible impurities in the fluid are removed, the flow enters
the preheater (also called the Bulk Heater Module; BHM), where
a substantial amount of heat is added to the fluid to adjust the
fluid’s temperature and void fraction (in some cases), and thereby
the FBM inlet quality. The preheater is equipped with a set of
DC-powered heaters and instrumented with both thermocouples
and Resistance Temperature Detectors (RTDs) that shuts down all
heaters in case the heating surface exceeds 130°C or the down-
stream fluid 100°C for safety. The fluid enters the FBM as either a
subcooled liquid or saturated two-phase mixture, gains heat, and
exits the FBM as either a subcooled liquid or two-phase mixture.
All heat gained by the fluid is lost in a fluid-to-water stainless-
steel tube-in-tube heat exchanger (with a spiral finned inner tube)
to a condensing water loop and exits in a subcooled state. This
fluid is thoroughly mixed in a static mixer to ensure thermody-
namic uniformity and the condensation of any possible vapor bub-
bles. The fluid in a highly subcooled pure liquid state re-enters the
pump.

An accumulator, which helps maintain a set reference pressure
point and avoid two-phase instabilities in the loop [37], is con-
nected to the main flow loop at a T-junction located immediately
downstream of the static mixer. Within the stainless-steel accumu-
lator, most of the fluid is stored on one side of stainless-steel bel-
lows, whereas the other side is filled with air, the pressure and
volume of which is controlled by an air pump and a vent valve. A
relief valve is provided on the air-side for safety purposes and is
set 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
non-condensable gasses from the fluid) and enhance the accuracy
of collected two-phase data, is provided parallel to the section of
the flow loop between the above-mentioned T-junction and the
pump. Its main component is a semi-permeable membrane; the
fluid flows on one side and vacuum is applied on the other side
using a vacuum pump.

Most valves in the flow loop are solenoid actuated to allow for
remote operation. The secondary water loops are equipped with
their own flow meters, valves, flow controllers, pressure transduc-
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ers, and RTDs, all of which are essential to the operation of the
entire flow loop, but the details are outside the scope of this study.

2.3. Instrumentation and measurement uncertainty

As shown in Fig. 2, five local pressure measurements are made
within the FBM using absolute pressure transducers: one each near
the inlet and outlet, and three at intermediary locations within the
development length. Fluid temperatures very close to the FBM in-
let and outlet are measured using type-E thermocouples sticking
into the flow. As shown in Figs. 1(b) and 1(c), seven local substrate
temperatures are measured for each heating slab at equidistant lo-
cations along the flow direction using two sets of seven type-E
thermocouples inserted into shallow holes (resembling hemispher-
ical indentations). One set is used for data collection and software
reset at 122°C, usually an aftermath of CHF. The other set is part
of the hardware safety circuitry, and it provides feedback to a re-
lay that shuts down both the BHM and FBM heaters in case any
temperature exceeds 132°C and the software reset fails. Local pres-
sures and temperatures are measured and monitored at numerous
points of the flow loop using pressure transducers and both ther-
mocouples and RTDs, respectively.

To enable conducting both single-sided and double-sided
heated wall experiments, DC power can be supplied to either one
or both heating slabs independent of each other. Both the current
and voltage of DC power input to each set of FBM heaters and the
preheater heaters are measured. Flow rate is measured in a Coriolis
flow meter of range 0 - 60 g/s.

All temporal sensor output signals are collected and measured
using a set of two data acquisition systems (2 DAQs; one for ther-
mocouple data and the other for other sensors). The housekeeping
data are recorded at a rate of 1 Hz, and during FBM runs, at an in-
creased rate of 5 Hz. The DAQ and all other instruments (including
solenoid valves) are controlled by in-house FBCE flight software.

Maximum uncertainties in the measurements of temperature
(using thermocouples), temperature (using RTDs), absolute pres-
sure, 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
reading, respectively. Approaching CHF, the incremental increase in
heat flux is less than 2 W/cm?. As discussed in the following sec-
tion, the recorded q"cyr is an average between the heat flux result-
ing in an excursion of wall temperatures and the previous steady
step. This yields a CHF isolation error (difference between the true
q"cyr and the q", which triggered CHF) of ~1 W/cm?2. However,
6 cases exist in which the final step was greater than 2 W/cm?;
the maximum CHF isolation error experienced in these cases is
~4 W/cm?2.

2.4. Flow visualization techniques

FBM’s design, especially the transparency of the polycarbonate
plates, provides excellent optical access to the boiling flow within
the heated section. All three polycarbonate plates were vapor pol-
ished to minimize vignetting effects to those produced solely by
the opaque copper heaters and O-rings necessary to seal the test
module. High-speed photography techniques are used to record the
intricate features of two-phase flows and capture events that lead
to CHF for each operating condition.

The high-speed camera is equipped with a F#0.95-25 mm fo-
cal length lens and captures photographs of resolution 2040 x 164
pixels at a frame rate of 2000 frames/s and a shutter speed of 10
us. Based on verification test data, the actual spatial resolution
achieved by the imaging system is better than 100 pum. The op-
posite transparent wall is backlit with blue light emitting diodes
(LEDs) and a light-shaping diffuser with an intermediate sheet of
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Teflon required due to the extremely short light transmission dis-
tance.

The heat generated by the high-speed camera during operation
is removed from a respective cold plate by cooling water fed from
an external source (for the future ISS experiments, this would be
the ISS cooling water).

2.5. Operating procedure

As already mentioned, the ultimate goal of the present exper-
imental setup is to be installed and tested onboard the ISS, and
hence, its operation will have to be done remotely. After installa-
tion, the entire test matrix will be completed in space without any
in-person intervention, and both sensor-measured data and pho-
tography data will be sent to the personnel on Earth. This study,
reporting data from the MST (the final set of vertical upflow ex-
periments in Earth gravity), was conducted in the same manner as
it will be aboard the ISS.

The fluid is degassed before the start of testing and at regular
intervals thereafter as needed. For each boiling curve, the FBM in-
let conditions (flow rate, inlet pressure, inlet subcooling, and inlet
quality) are set and the flow loop allowed adequate time to reach
them. Power is supplied to one or both FBM heating slabs in small
increments from zero until CHF is reached. Each increment is for a
fixed time period of 120 s, which has been deemed to be sufficient
to attain steady-state in prior studies [35,36] of nucleate boiling in
FBM. This was later verified from preliminary testing for this study.
Although CHF is defined as the heat flux increment which leads to
an unsteady rise in surface temperature, for safety and consistency,
CHF is designated as the heat flux increment which causes at least
one of the slab thermocouples to exceed 122°C. FBM heater power
is brought down to a minimum power level by FBCE software as
soon as a temperature of 122°C, recorded by any of the data ther-
mocouples, is reached. A hardware shutdown of all heaters is in-
voked at 132°C as a safety precaution both to prevent any dam-
age to the FBM and to avoid the breakdown of nPFH, which might
lead to the formation of the toxic substance perfluoroisobutene
(PFiB). Temporal data from all sensors and high-speed images are
recorded. The above procedure is repeated for other predetermined
FBM inlet conditions.

2.6. Data processing and operating conditions

The latest 20 s of the temporal data of the heat flux increment
preceding CHF are averaged to obtain the steady-state operating
conditions corresponding to CHF; more details are available in [33].
The measured local substrate temperatures, Ty, are first translated
into surface temperatures, Ty, by accounting for the minor copper
conductive resistance between the two points. By assuming both
a constant heat flux across the heating slab and one-dimensional
heat conduction through the thickness, this is done as
q//le‘C
Tk

S

Tw = th - (1)
where q"y is heat flux, Hy, conduction height (= 0.483 mm), and
ks pure copper conductivity. These surface temperatures are desig-
nated as Twqz, where wa is the heated wall (w1 or w2) and z the
streamwise measurement location (1 upstream through 7 down-
stream) as shown in Fig. 1(c).

The fluid enthalpy at FBM inlet is determined as

hip = hly, .« (2)
where Tj;, and p;, are the FBM inlet fluid temperature and pressure,
respectively. And the fluid enthalpy at FBM outlet is determined
from an energy balance as

q"wPhLn

==, 3)

haut = hin + m
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Table 1
Summary of MST CHF data points with subcooled inlet conditions.

Single-Sided Heating  Double-Sided Heating

180 - 3200 kg/m?2s
2.25 - 40.00 g/s
119.9 - 171.1 kPa

180 - 3200 kg/m?2s
2.25 - 40.00 gfs
125.4 - 190.8 kPa

Mass velocity, G
Mass flowrate, m
Inlet pressure, p;,

Inlet temperature, T;, 34.3 - 71.6°C 35.8 - 73.0°C
Inlet subcooling, ATy in 0.4 - 31.6°C 0.9 - 32.0°C

Inlet quality, X, —0.420 - —-0.003 —0.445 - —0.003
Outlet pressure, pou 113.2 - 167.9 kPa 120.7 - 172.3 kPa
Outlet temperature, Toy¢ 39.9 - 71.4°C 45.2 - 72.1°C
Outlet subcooling, ATy our 0 - 20.5°C 0 - 17.1°C

Outlet quality, Xe our —-0.222 - 0.200 —0.198 - 0.457

Critical heat flux, q"cyr 14.2 - 50.6 W/cm? 14.2 - 43.6 W/cm?

where m is the mass flow rate through the FBM. For the two heat-
ing configurations used in this study, the heated perimeters are

P {ZW, double-sided heating
), =

W, single-sided heating ’ (4)

where W is the channel width. Thermodynamic equilibrium qual-
ities at the FBM inlet and outlet are determined from the relation

h—h
)<e=7f|p

; (5)
hfg|p

where h = h;, or hgy is the actual fluid enthalpy at the module
inlet/outlet, and both hy, the enthalpy of the saturated liquid, and
hy, are based on the measured inlet/outlet pressure.

q"cyr is determined by averaging the heat flux that caused the
temperature excursion and the previous steady heat flux. This is
done because the true q"cyr will fall somewhere between the pre-
vious steady increment and the new unstable one. However, the
operating conditions corresponding to CHF are taken from the
steady heat flux increment directly before CHF. This is because
the operating conditions at the next heat flux that undergoes CHF
never reach a steady period that can be used for averaging.

All thermophysical properties of nPFH are obtained from NIST-
REFPROP [38]. Important parameter ranges for the CHF data points
from MST experiments with subcooled inlet are reported in Table 1
for single- and double-sided heating separately.

3. Experimental CHF results
3.1. Flow visualization results

Throughout data collection, high speed photographic images of
the test section’s heated length were recorded with the goal to
capture events leading up to and initiating CHF. Images are cap-
tured for both single-sided and double-sided heating for a variety
of operating conditions. The focus of the images presented is the
interfacial behavior just prior to CHF (indicated as CHF-), as CHF
occurs and excursions of wall temperatures begin (CHF transient),
and post CHF occurring as wall temperatures continue to increase
(indicated as CHF+). The following results justify the applicability
of the Interfacial Lift-off Model used to predict CHF in section 4.

3.1.1. Single-sided heating at high mass velocities

Fig. 3 shows sequential images recorded around CHF for
single-sided heating with G = 1600 kg/m2s, p;; = 130.3 kPa,
ATgpin = 4.6°C, Xei; = —0.062, and a resulting CHF value of
q"cyr = 36.74 W/jcm?2. The time elapsed between consecutive im-
ages in Fig. 3, and all other figures unless noted otherwise, is
1.5 ms (i.e., every third photographed image). As shown in the im-
ages corresponding to CHF-, near-saturated liquid enters the chan-
nel and vaporizes quickly along the heated wall at the leading
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edge. The vapor patches slide along the channel wall and grow as
boiling ensues. However, in the upstream region, distinct gaps re-
main between vapor patches. The gaps between vapor patches, or
wetting fronts, allow liquid to access the heated wall and boil. Dur-
ing the CHF transient, as boiling persists in the wetting fronts, va-
por production eventually prevents liquid access to the heated wall
and the wetting front lifts off the wall. Lift-off initiates at the wet-
ting front furthest downstream and causes heat to be conducted
to other nearby wetting fronts. This results in a chain reaction as
the adjacent upstream wetting front undergoes lift off. At CHF+,
it is observed that wetting fronts farther upstream have been ex-
tinguished resulting in a continuous wavy vapor layer next to the
wall. The process of successive wetting fronts lifting off the heated
wall brings boiling to a halt and is determined to be the trigger
mechanism that causes CHF.

Fig. 4 shows sequential images recorded around
CHF for single-sided heating with G = 3200 kg/m?s,
Pin = 138.6 kPa, ATgp;, = 74°C, X,;; = —0.100, and a re-

sulting q"cyr = 41.73 W/cm?2. Similar physical details are seen
between CHF-, CHF transient, and CHF+ as those captured in
Fig. 3. At CHF-, wetting fronts are bountifully present in the
upstream portion of the channel. As CHF is initiated, seen in
CHF transient, wetting fronts are extinguished along the heated
wall until CHF+, where a continuous wavy vapor layer occupies
much of the heated wall. Compared to the images shown in
Fig. 3 with a lower flowrate, the mean thickness of the vapor
patches is thinner in Fig. 4. It is also observed that the length
of vapor patches, and thus distance between wetting fronts or
wavelength of the liquid-vapor interface, decreases when com-
pared to the lower flow rate case in Fig 3. This is particularly
noticeable in the upstream region of the channel where the mean
vapor layer thickness is relatively small compared to the height
of the channel. The increased number of wetting fronts, and
decreased wavelength of the interface, promote heat removal from
the wall, which results in a higher q"cyr than the case depicted in
Fig. 3.

3.1.2. Double-sided heating at high mass velocities

Fig. 5 shows sequential images recorded around
CHF for double-sided heating with G = 1600 kg/m?s,
Pin = 153.3 kPa, ATgpi, = 8.2°C, X,5; = —0.113, and a result-
ing q"cyr = 37.80 W/cm?2. At CHF-, vapor formation has initiated
the formation of a wavy vapor layer along both heated walls,
albeit with some asymmetry resulting from one or more of the
following reasons, i) minute differences in wall heat applied to the
opposite walls, ii) a very slight tilt of the FBM, or iii) microscopic
imperfections on one wall causing preferential vapor formation.
The patches of vapor and wetting fronts propagate downstream
until the vapor layers on each wall grow large enough to merge
with one another and interfacial curvature is lost. During CHF
transient, one of the walls, in this case the left, experiences CHF
as its wetting fronts begin to extinguish. By the end of CHF
transient and into CHF+, the entire wall is coated by a wavy
vapor layer as all wetting fronts lifted off the wall. However, again
due to the minute asymmetry, the opposite heated wall still has
some wetting fronts intact upstream and cooling proceeds. The
process exhibited in Fig. 5 shows the mechanism of CHF for the
double-sided heating configuration, even with a relatively high
inlet pressure, agrees with the mechanism shown in Figs. 3 and 4.

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

Fig. 6(a)—(d) show sequential images during CHF transient for
G = 200 kg/m2s and highly subcooled single-sided heating, highly
subcooled double-sided heating, near-saturated single-sided heat-
ing, and near-saturated double-sided heating, respectively. One no-
table difference between the images shown for these relatively low



S.J. Darges, V.S. Devahdhanush, I. Mudawar et al.

Flow

G = 1600 kg/m2s

pn  =130.3kPa

ATsub,in = 4.6°C

Xei = -0.062

q"CHF = 36.74 W/cm?2

ge

b
i

International Journal of Heat and Mass Transfer 183 (2022) 122241

CHF Transient

g
¢
n
§

Fig. 3. Sequential images during CHF-, CHF transient, and CHF+ for G = 1600 kg/m?s, p;, = 130.3 kPa, ATy = 4.6°C, X; = —0.062, and q"cyr = 36.74 W/cm? with

single-sided heating. The interval between successive images in all sequences is 1.5 ms.

mass velocity cases and the high mass velocity cases in Figs. 3-5 is
the impact of weak flow inertia. A distinct difference between the
sequences in Fig. 6 and those in the previous figures is absence of
a distinct wavy vapor layer that forms near CHF and eventual wet-
ting front lift off for most conditions. These differences are closely
related to the relatively weak inertial effects in Fig. 6, which sug-
gests the physical mechanism causing CHF is different from that in
Figs. 3-5.

For the highly subcooled single-sided heating case, Fig. 6(a), rel-
atively small patches of vapor are observed moving through the
channel along the heated wall. Significant amounts of vapor ap-
pear to be condensing into liquid as some of the vapor detaches
from the wall. For the double-sided case shown in Fig. 6(b), vapor
patches are present along both heated walls. In the upstream re-
gion, liquid can access the heated wall in between vapor patches.
However, due to the low velocity and increased heat addition from
both walls compared to Fig. 6(a), the vapor patches grow to a
more considerable size downstream and the vapor layers merge.
Compared to previous higher flowrate cases, Figs. 3-5, fluid trav-
els much slower through the channel. As wall temperatures begin
to rise and CHF occurs, wetting fronts are still present along both
walls, and a continuous vapor layer does not block liquid access to
the heated wall as it does in Fig. 5. In this case, the mechanism of
CHF is relatively complex due to the vapor from both heated walls
merging to form a large vapor entity which occupies the majority
of the downstream region. Regardless of the wall temperatures ex-
ceeding 122°C and CHF occurring, wetting fronts are still present

in the upstream region. Hence, interfacial lift-off is not the mech-
anism causing CHF for these conditions.

The near-saturated cases again show different flow characteris-
tics than those of higher flow rates or higher subcooling. The near-
saturated cases at low mass velocities are dominated by periodic
waves of liquid and vapor moving through the channel. Fig. 6(c)
shows sequential images, with 200 ms between images, for single-
sided heating with a near-saturated inlet; choosing a large time
interval for this case is intended to capture important periodic
changes in flow structure not encountered at other conditions. In
the first image of this sequence, almost all liquid is present in the
channel and only a small amount of vapor is present along the
left heated wall. As time progresses, large amounts of vapor can
be seen in the upstream section of the channel over the next three
images. The vapor occupying the upstream region of the test sec-
tion is a result of non-equilibrium effects occurring within the pre-
heater convecting into the test section. At the same time, smaller
waves of vapor can be seen moving quickly though the channel in
the downstream section as the large patches upstream break up.
In the final image, again mostly liquid is present in the channel
as the vapor convects out of the channel. Throughout the entire
process, a thin layer of vapor remains along the heated wall. The
observed cycle of varying ratios of liquid and vapor present in the
channel resembles the density wave oscillations (a type of two-
phase flow instability) observed by O’Neill and Mudawar [39] dur-
ing vertical upflow in the FBM. At certain times, as vapor moves
through 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?s, p;, = 138.6 kPa, ATypin = 7.4°C, Xein = —0.100, and q"cyr = 41.73 W/cm? with

single-sided heating. The interval between successive images in all sequences is 1.5 ms.

the wall, the vapor layer can be seen to locally thicken. A simi-
lar trend is seen in the sequential images, with 37 ms spacing, of
double-sided heating shown in Fig. 6(d). The first image depicts
predominantly liquid in the channel. This is followed by two im-
ages that show large vapor layers upstream on both heated walls,
like the wavy vapor layer seen at higher velocities. However, the
vapor patches on the wall quickly grow towards the middle of the
channel and do not slide along the wall. They are also present pe-
riodically and are not maintained long enough for lift-off to occur.
Eventually, vapor layers merge and propagate through the channel
as they mix. In the fourth image, the majority of vapor has exited
the channel and a small amount of vapor is present in the chan-
nel. In the final image, almost all the vapor has been removed. For
both near-saturated cases, these cycles repeat leading up to CHF.

3.2. CHF trends

Figs. 7(a) and 7(b) show plots of measured q"cyr versus mass
velocity for vertical upflow with single-sided and double-sided
heating, respectively. For each heating configuration, the inlet con-
ditions are loosely divided into two subcooling ranges: highly sub-
cooled for ATy > 10°C and near-saturated for 0 < ATg, <
10°C. In either heating configuration, the highly subcooled range
exhibits higher q"cyr than the near-saturated for the same mass
velocity. This is the outcome of the former featuring the ability
to absorb more of the supplied heat in the form of sensible heat,
which is reflected by more superior vapor condensation. For the

highly subcooled range, most bubbles are condensed into the bulk
liquid after detachment or even while attached to the heated wall,
allowing better liquid access to and replenishment of the heated
wall. Here, some of the wall heat is used up to bring the replen-
ishment bulk liquid to the superheat necessary for bubble nucle-
ation and growth. This behavior is captured in Figs. 6(a) and 6(b),
where CHF is associated with formation of rather small and local-
ized insulating vapor patches (rather than a continuous wavy va-
por layer). Notice in both Fig. 7(a) and (b) that, for each subcooling
range, q"cyr increases monotonically with increasing mass velocity,
with the dependence being more pronounced at lower mass ve-
locities. It must be emphasized that higher mass velocity not only
increases the amount of sensible and latent heat of the working
fluid, but also results in higher inertial and shear forces that hasten
vapor removal from the channel. Comparing the results for single-
sided heating, Fig. 7(a), to those for double-sided, Fig. 7(b) shows
the latter yields lower q"cyr due to vapor structures from both
walls interacting with one another, in addition to twice the amount
of heat being supplied to the working fluid for the same heat flux.
These q"cyr differences between the two heating configurations are
large for highly subcooled inlet where the fluid’s condensing capa-
bility plays an important role on CHF delayal. With the double-
sided having weaker condensation due to the fluid’s higher tem-
perature and larger vapor void fraction, q"cyr is smaller. These ef-
fects are more pronounced at low flow rates, as confirmed by flow
visualization; 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?s, p;; = 153.3 kPa, ATgpin = 8.2°C, Xein =
double-sided heating. The interval between successive images in all sequences is 1.5 ms.

within the channel compared to the double-sided in Fig. 6(b) for
similar operating conditions.

Fig. 8(a) and (b) show experimental q"cyr for a subset of a
consolidated database, consisting of the new MST data, previously
recorded data [32] for a variety of orientations, and micrograv-
ity data obtained during parabolic flight [34] (both single-sided
and double-sided data were measured but only the latter previ-
ously published and analyzed). The previously recorded data are
included to further evaluate the effectiveness of the Interfacial Lift-
off Model in the upcoming section. The data are again segregated
by inlet subcooling into either highly subcooled or near-saturated
(using the same ranges of AT, as in Fig. 7(a) and (b)) and plot-
ted against mass velocity. As expected, q"cyr is shown to increase
with increases in mass velocity and/or inlet subcooling. For each
range of subcooling in both single-sided and double-sided heating,
vertical upflow (indicated as ‘up’) yields the largest q"cyr values.
The vertical upflow orientation generally enhances q"cyr by virtue
of gravity aiding vapor removal from the heated wall and promot-
ing liquid replenishment.

For single-sided heating, Fig. 8(a), horizontal flow with top-wall
heating (indicated as ‘top’) resulted in the lowest q"cyr. This can
be readily explained by the buoyancy causing accumulation of an
insulating vapor layer along the top wall. Notice how q"cyr for
each subcooling range follows a systematic order: highest for ver-
tical upflow, followed by horizontal bottom-wall heating (indicated
as ‘bottom’), and horizontal top-wall heating. Interestingly, for the
near-saturated cases, microgravity data are superior to those for
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horizontal top-wall heating, presumably because of the buoyancy
induced vapor accumulation along the heated wall for the latter.
Also, for the near-saturated cases, differences in q"cyr among the
two horizontal orientation and microgravity are more pronounced
at lower mass velocities, where horizontal flow is very sensitive to
buoyancy effects in the absence of strong inertial effects. However,
there is gradual diminution of differences in q"cyr with increasing
mass velocity (as well as indication of convergence of values at the
highest mass velocity tested) as inertia increasingly dominates over
gravity and ultimately dwarfs gravity effects altogether.

Looking now at the double-sided heating configurations,
Fig. 8(b), q"cyr is shown to increase monotonically with increas-
ing mass velocity. Fig. 8(b) included data for vertical downflow
(indicated as ‘down’) as well. Here too, highest q"cyr is achieved
with vertical upflow. For the near-saturated range, horizontal flow
shows lowest q"cyr while microgravity data fall between those for
vertical upflow and horizontal flow. The inferior performance for
the horizontal orientation can be explained by the buoyancy pro-
moting formation of an insulating vapor layer upon the top heated
wall and triggering CHF along the same wall. For the highly sub-
cooled range, there are no obvious advantages of horizontal flow
versus vertical downflow, both being subject to adverse gravity
effects, especially at lower mass velocities. However, q"cyr for all
flow orientations appear to converge at high mass velocities where
inertia dominates any gravity effects. This observation has been
utilized to identify gravity independence criteria for flow boiling
and condensation in prior studies [40,41].
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G = 200 kg/m?s, p;, = 135.4 kPa, G = 200 kg/m?s, p;, = 143.5 kPa, G =200 kg/m?s, p;, = 129.3 kPa, G =200 kg/m?s, p;, = 134.8 kPa,
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(a) Images 1.5 ms apart (b) Images 1.5 ms apart © Images 200 ms apart () Images 37 ms apart

Fig. 6. Sequential images of CHF transient for G = 200 kg/m?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.
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Fig. 7. MST Experimental CHF results for (a) single-sided heating and (b) double-sided heating.
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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.

4. Interfacial lift-off model and predictions
4.1. Rationale

The Interfacial Lift-off Model is founded on visual evidence of
channel flow boiling CHF provided in both the present study
and numerous past studies for various combinations of heat-
ing configurations, inlet conditions, and gravitational environments
[29,34,42-49]. The key feature found in each of these studies is
the development of a continuous periodic wavy vapor layer that
forms along the heated wall culminating in CHF. Prior to CHF, the
vapor layer exists as distinct patches of vapor separated by wet-
ting fronts which correspond to troughs in the wavy vapor layer.
As CHF commences, the wetting fronts are extinguished, culminat-
ing in a continuous wavy vapor layer along the heated wall. The
wavy form of the vapor layer is the result of a hydrodynamic insta-
bility between the two phases moving at different velocities. Visual
observation shows intense boiling occurs within the wetting fronts
during CHF-. It is postulated that CHF will occur when the momen-
tum of vapor generated in the wetting fronts normal to the heated
wall overcomes the pressure force generated (normal to and point-
ing toward the wall) by curvature of the interface. At this point, the
wetting front is extinguished and heat that was initially removed
within the wetting front is now transferred axially to the wetting
fronts upstream, provoking their lift-off as well. Wetting fronts are
therefore extinguished one after another in a chain reaction, caus-
ing the boiling process to be halted as a continuous vapor layer
encapsulates the heated wall.

4.2. Model description

The methodology presented in the present paper aims to con-
solidate CHF predictions for subcooled inlet conditions. This sec-
tion will give a brief overview of the modeling, assumptions, and
equations used in the Interfacial Lift-off Model. This model has been
previously employed to predict CHF for subcooled inlet conditions
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with single-sided heating [29] and double-sided heating [34]. The
aim here is to consolidate predictions for both heating configu-
rations and all levels of subcooling. Similar to the original model
developed by Galloway and Mudawar [27,28], this model encom-
passes four sub-models which are used to calculate the heat flux
required to trigger lift-off of the wetting fronts. Key equations of
the model can be found in Table 2 for single-sided heating and
Table 3 for double-sided heating, with additional details concern-
ing momentum conservation for both are provided in Table 4.

First, a separated flow model is used to determine axial varia-
tions of key flow parameters that are utilized in subsequent sub-
models. The following assumptions are made in derivation of the
separated flow model: (1) the vapor layer is initiated at the lead-
ing edge of the heated wall, (2) velocity of each phase is uniform
within the channel’s cross-section, (3) pressure is uniform across
the channel’s entire cross-section, (4) vapor is maintained at the
local saturation temperature, (5) vapor produced at the wetting
front does not contribute to the streamwise momentum, and, (6)
in the case of double-sided heating, equal heat flux is applied to
each heated wall. Heating configuration dictates the number of
control volumes examined in the separated flow model. A free
body diagram of the control volumes of length Az used in the
model, and corresponding force and momentum terms are shown
in Fig. 9 for single-sided heating and Fig. 10 for double-sided heat-
ing. For single-sided heating, one control volume is used for the
vapor layer that forms along the heated wall, and another for the
subcooled liquid. For double-sided heating, a control volume is re-
quired for each of the vapor layers that form along the opposite
heated walls and another control volume for the subcooled lig-
uid in the middle of the channel. Conservations of mass, momen-
tum, and energy are used to determine axial variations in pres-
sure, phase velocity, quality, and void fraction. Utilized within the
conservation of energy is the heat utility ratio, &, which is used to
account for non-equilibrium effects caused by subcooling and bet-
ter estimate the net amount of vapor being produced within the
channel.
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Table 2
Summary of equations used in the interfacial lift-off model for single-sided heating.

Conservation of momentum
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Table 3
Summary of equations used in the interfacial lift-off model for double-sided heating.
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Table 4

Summary of expressions used in conservation of momentum.
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Wall shear stress [53]
1

Twk = 5 Pkifi
Wall friction factor

2
fie=CG + W
Phase Reynolds number
Re, = PrettiDy

M

Friction factor constants for laminar flow (Re, < 2100)
G=0:G=16;G=1

Friction factor constants for transitional flow (2100 < Re, < 4000)

(1 =0.0054:C,=23x10"8 ;G3 = -2/3
Friction factor constants for turbulent flow (Re, > 4000)
C; =0.00128 ; G, =0.1143 ;G = 3.2154

Interfacial shear stress

Tip = Cripg (g — up)? and T = Cr;05(ug — uy)* where Cp; = 0.5 [28]
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Fig. 9. Separated flow modeling of single-sided heating configuration: (a) control volumes of length Az, (b) momentum terms for individual layers, and (c) force terms for

individual layers.

Classical instability theory [28,50,51] is applied to describe the
interface of two fluids moving at different velocities as an ideal si-
nusoid. Schematics of the development of interface as well as the
modeled sinusoid used in instability analysis are respectively de-
picted in Fig. 11(a) and (b) for double-sided heating. In the case
of single-sided heating, the interface between liquid and vapor is
modeled identically to double-sided heating, however only a sin-
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gle interface is present. The stability of the interface is determined
by the relative magnitudes of inertia, surface tension, and body
force. In microgravity, body force will have a negligible role in de-
termining critical wavelength, A¢, and in the case of double-sided
heating, the interface along both walls will have the same wave-
length. Furthermore, the effects of gravity are not lost between
the vertical orientations in Earth gravity and in microgravity. Al-



S.J. Darges, V.S. Devahdhanush, I. Mudawar et al.

Double-sided
. ig
Heating
Vapor
Layer 1
A, =oW
A,=80,W

Liquid

A =(H-0,-0)W Ligui

pat

Momentum Conservation Terms

(@)

B d
Pyt Ay +£(p: g, Aw)AZ

Vapor
Layer 1 pyuy A, +6£(ph uy 4, )AZ

r!

gl

u, Az
H-9-9,

P, A

gl “gl

0, uf A4,

pats

P, A

8 7e2 g2

Vapor
Layer 2

(b)

Vapor
Layer 2

International Journal of Heat and Mass Transfer 183 (2022) 122241

Control Volumes of Length Az

A

P =W+24,

P, =W+25
\ P, =2(H-6-0,)

P=W

P,=W

X

Force Conservation Terms

(pgAg]Az)gsinH d (pAA")AZ

A, +—
Platy

TP

Vapor
Layer 1

(,0,, A, Az)gsinb’

PA, +di(pAgz)Az

(pg A, Az)gsin g
Vapor

PA;
‘ Layer 2

(©)

Fig. 10. Separated flow modeling of double-sided heating configuration: (a) control volumes of length Az, (b) momentum terms for individual layers, and (c) force terms for

individual layers.

though the gravity components perpendicular to the wall get nul-
lified in the A, equation, the gravity component parallel to the
wall is non-zero and impacts the estimation of both local pres-
sure and void fraction in the conservation of momentum equa-
tions, which in turn alters the thermophysical properties, vapor
layer thickness, modified density, and finally A.. For instance, A,
for vertical upflow and downflow is expected to be respectively
smaller and larger than in microgravity. The first goal of stability
analysis is to determine critical wavelength of the interface. The
critical wavelength is that which triggers instability of the inter-
face. An unstable interface is necessary to allow the interface to
contact the heated wall and form wetting fronts. The stability anal-
ysis is also used to determine the interfacial curvature and its asso-
ciated pressure force which holds wetting fronts against the heated
wall.

CHF is triggered once the momentum of vapor normal to the
wall in the wetting front exceeds the pressure force associated
with interfacial curvature. Comparing the two requires knowledge
of axial span - length - of the wetting front. Sturgis and Mudawar
[30] analyzed the wavy vapor layer prior to CHF and found the
length of wetting front to be a constant fraction of the wavelength,
bX, where b = 0.2. The heat flux required to induce interfacial lift-
ing of the wetting front is found by relating the velocity of vapor
generated in the wetting front to the momentum of vapor required
to initiate the lift-off.
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A simple energy balance is then used to relate the heat flux
supplied from the wall and the heat flux concentrated in the wet-
ting fronts. The instability analysis, lift-off criterion, and wall en-
ergy balance are combined to yield the final relation for q"cyfr. The
final formulation of CHF is segregated into saturated or subcooled
conditions, with differences between the two formulations stem-
ming from observations and assumptions used in previous versions
of the model. Zhang et al. [44] observed that CHF is initiated at the
furthest downstream wetting front. For subcooled CHF, X0yt < O,
and outlet subcooling is used to account for appreciable axial vari-
ations in subcooling. The non-equilibrium effects stemming from
subcooling are accounted for in the heat utility ratio. However, for
saturated CHF cases, Xeour > 0, and inlet subcooling is considered
instead. Konishi et al. [34] considered test cases with relatively low
inlet subcooling and assumed that the liquid phase preserves its
subcooling in the axial direction. This assumption was applied to
saturated CHF cases where non-equilibrium effects are miniscule
and the heat utility ratio is equal to unity, which indicates vapor-
ization of the fluid utilizes the entirety of the applied heat flux.

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

ing a q"cyr. The separated flow model with the assumed q"cyr
coupled 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.
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Fig. 12. Predicted heat utility ratio for different values of (a) mass velocity and (b) inlet subcooling.

mines local flow properties along the heated length of the channel.
The separated flow model is used to determine axial z, where ve-
locity of the vapor phase just surpasses that of liquid core. Next, a
critical wavelength, A, is assumed and the separated flow model
is called upon again to determine the flow properties at z* which
is defined as z*= z,+A. and marks the end of the upstream con-
tinuous wetting region prior to the formation of wetting fronts. At
z*, a new critical wavelength is calculated which is dependent on
flow properties and vapor phase thickness at z*. This method is
iterative until the assumed critical wavelength matches the calcu-
lated value. Once the critical wavelength is determined, q"cyr is
calculated using the equation for q"cyr evaluated at z*. The entire
process is repeated until the assumed heat flux converges to the
calculated q"cyr. In the case of double-sided heating, the process
is repeated for each heated wall and the minimum q"cyF value be-
tween the two walls is deemed the true q"cyf.

4.4. Predicted heat utility ratio trends

One of the key parameters of the model is the heat utility ra-
tio, . This parameter is used to determine the fraction of the wall
heat flux which is devoted to liquid vaporization, and is especially
important for subcooled conditions where exit equilibrium quality
is less than 0. Fig. 12(a) and (b) show variations of predicted heat
utility ratio at CHF with mass velocity and inlet subcooling, respec-
tively. Fig. 12(a) shows & decreases monotonically with increasing
mass velocity, a trend that can be explained by increased effec-
tiveness in utilizing sensible heat of near-wall liquid, while causing
faster removal of core liquid from the heated region length of the
channel before having sufficient time to vaporize. Fig. 12(b) shows
a somewhat similar trend of ¢ with inlet subcooling. The mono-
tonic decrease in this case is mostly the result of increased sensible
heat content of the fluid. These trends demonstrate the importance
of incorporating the effects of heat utility ratio when using the CHF
model; absent these effects, the model would likely overpredict the
amount of vapor produced in the channel. The parametric trends
observed from the model predictions conform the dependence of ¢
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dependence in Tables 2 and 3 on outlet subcooling. In either case,
with higher inlet subcooling or mass velocity, higher outlet sub-
cooling would be expected, resulting in lower ¢. The equations for
q"cyr in the same table indicate q"cyF is inversely proportional to .
This aligns with the observed experimental trends that increasing
inlet subcooling or mass velocity, which tend to decrease ¢, also
yield higher q"cyp.

4.5. Comparison of CHF model predictions and experimental data

Fig. 13(a) and (b) compare q"cyr predicted by the Interfacial Lift-
off Model to values from the consolidated experimental database
for single- and double-sided heating, respectively. For each of the
two configurations, only a subset of the total database is used for
comparisons with the model. As mentioned previously, the model
is based on presence of a wavy liquid-vapor interface that cre-
ates wetting fronts along the channel. Visual evidence has shown
that the required interface is not present at low mass velocities
and the analytical model is prone to break down at these condi-
tions. This is consistent with previous observations made regarding
the Interfacial Lift-off Model for different mass velocities and flow
orientations [52]. It is therefore important when using the model
to clearly identify boundaries for operating conditions where the
wavy vapor layer is present. Table 5 shows the range of operating
conditions used for comparison as well as the limitations set from
visual evidence provided in this paper along with recommenda-
tions provided in previous papers [42,52]. The predictive accuracy
of each model is determined by calculating using mean absolute
error, MAE. With N data points, the MAE is calculated according to

q" ctir,pred — 9" cur
.Pre P | % 100.

MAE (%) = %Z (6)

q//CHF,exp

Fig. 13(a) shows q"cyr for single-sided heating is predicted with
a MAE of 18.98% (for N = 38) with 81.58% of datapoints predicted
within £30%. Fig. 13(b) shows a MAE of 19.07% (for N = 54) for
double-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?s] pin [kPa] Tin [°C] ATgpin [°C]  Xein Orientation Limitation
Single 794 - 3199 99.0 - 161.8 29.9 - 66.9 3.9-283 —0.362 - —0.054 Horizontal Bottom Uy, > 0.5 m/fs
Single 1570 - 3200 100.1 - 161.5 29.8 - 672 3.6-284  —0363 - —0.048  Horizontal Top Uy > 1.0 m/s
Single 400 - 3200 1199 - 171.2 36.6 - 71.6 0.5 - 28.0 —0.380 - —0.007 Up Uy > 0.15 m/s
Single (14g) 420 - 3019 1224 - 1500 588 -634 3.6-59 —0.081 - —0.049 Up U, > 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;, > 0.5 mfs
Double 320 - 3200 125.4 - 190.8 289 -73.0 3.7 -354 —0.467 - —0.051 Up Uy > 0.15 m/s
Double 831 - 2314 130.6 - 179.7 279 - 51.6 23.6 - 375 —0.495 - -0.330 Down Uy, > 0.5 mfs
Double (ug) 391 - 3050 109.8 - 166.8 51.0 - 65.5 19 -9.6 —0.125 - —-0.025 Up U > 0.15 m/s

+30%. These statistics reflect good predictive capability for both
heating configurations and all mass velocities yielding wavy vapor
layer behavior.

As mentioned earlier, one of the main driving forces of the
instability causing the wavy liquid-vapor interface is the veloc-
ity difference between the two phases. At very low mass veloci-
ties, the influence of velocity difference is too weak to overcome
the relatively small stabilizing effect of surface tension. Other no-
table cases in Table 5 that have higher mass velocity cut offs are
horizontal flow with top wall heating and vertical downflow. For
the former, strong transverse influence of buoyancy causes vapor
to congregate along the top wall preventing formation of wetting
fronts along the top heated wall. And in the case of vertical down-
flow, buoyancy acts opposite the flow direction, weakening inertial
and shear forces exerted upon the vapor and resulting at times in
vapor stagnation and even vapor counterflow at low mass veloci-
ties. These regimes do not exhibit the wavy vapor layer behavior
necessary for implementing the Interfacial Lift-off Model.

5. Conclusions

This study aimed to investigate CHF for subcooled-inlet flow
boiling of nPFH based on results of pre-launch Earth-gravity Mis-
sion Sequence Tests (MSTs) of NASA’s Flow Boiling and Condensa-
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tion Experiment (FBCE), which was launched to the International
Space Station (ISS) in August 2021. The CHF measurements were
performed in FBCE's Flow Boiling Module (FBM) in the vertical up-
flow orientation with both single-sided and double-sided heating.
The MST data was combined with data recorded during previous
ground tests (conducted at different orientations with respect to
Earth gravity) and parabolic flight microgravity tests to form a con-
solidated subcooled-inlet FBCE-CHF database. The Interfacial Lift-off
Model was carefully assessed for predictive accuracy by comparing
predictions to the consolidated database. Key conclusions from the
study 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.

The interfacial lift-off model showed good accuracy in predict-
ing q"cyr 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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