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Abstract

Supercritical power cycle systems are widely applied to utilize various energy sources,
e.g., nuclear energy, solar energy, geothermal energy, and bioenergy. Designed to be
working at supercritical conditions, the occurrence of two-phase boiling crisis is
eliminated since supercritical fluids are single-phase. However, during some transient
procedures such as startup, shutdown, and accident conditions, the supercritical system
may experience trans-critical transient and work at high-pressure subcritical conditions.
Since critical heat flux (CHF) reduces with the increase of pressure at the high-pressure
region, the occurrence of boiling crisis becomes much easier and could lead to burnout
of the heated wall. Therefore, the heat transfer analysis of the trans-critical transient is
crucial to supercritical power cycles. Though some system thermal-hydraulic (STH)
codes have been extended to the supercritical condition, reliable heat transfer models
for the high-pressure subcritical region are still required since these STH codes are only
validated for conventional light water reactors, i.e., Pressurized Water Reactor (PWR)
and Boiling Water Reactor (BWR), with the pressure normally lower than 15.5 MPa.
Thus, the present work mainly aims to update CHF model and post-CHF heat transfer
model for the high-pressure subcritical condition (with reduced pressure above 0.7,
P/P. > 0.7).

A high-pressure CHF databank has been established with CHF experiments in
uniformly heated round tubes. Previous CHF models in open literatures are assessed
against the databank but could not provide satisfying prediction accuracy. Hence, a new
dimensionless CHF correlation is proposed based on high-pressure water CHF test data.
The new CHF correlation is validated by the high-pressure CHF experiments for R12
and COgz, respectively, and shows a better prediction than previous methods.

Concerning post-CHF heat transfer, as high-pressure post-DNB experiment is
unavailable so far, the present work established only a post-dryout (PDO) heat transfer
databank. Accordingly, previous heat transfer correlations are compared with high-
pressure water PDO experiments and show insufficient predictive capability. A new
PDO heat transfer correlation is developed and gives good prediction accuracy to high-
pressure water PDO test data. Additionally, the predictive capability of the new PDO
heat transfer correlation is confirmed by test data obtained in high-pressure CO:2
experiments, R134a experiments, and water experiments with non-uniform heat flux.

The new CHF correlation and new PDO heat transfer correlation are implemented to
modify the STH code ATHLET-SC. Trans-critical heat transfer experiments of a 4-rod
bundle are simulated by the modified ATHLET-SC. Compared to the original code, the
modified ATHLET-SC code gives better agreement with experimental results. During
the depressurization trans-critical process, the sudden wall heat-up as the pressure
crosses the critical point and the rise of the wall temperature with the decrease of
pressure in subcritical condition is well predicted by the modified ATHLET-SC code.




Abstract

In summary, to guarantee the prediction of trans-critical transients, a new CHF
prediction model and a new PDO heat transfer model have been developed and used to
upgrade the STH code ATHLET-SC, which makes up the deficiency of high-pressure
heat transfer models and is of great significance for safety analysis of supercritical

power cycles.
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Kurzfassung

Kreisldufe mit iiberkritischem Wasser finden in vielen verschiedenen Kraftwerken
Anwendung, zum Bsp. Kohlekraftwerke, Solarenergie, Geothermie oder Bioenergie.
Auch fiir die Nutzung der Kernenergie sollen in naher Zukunft iiberkritische Kreisldufe
verwendet werden. Diese Anlagen wurden fiir {iberkritische Bedingen entwickelt, aus
diesem Grund ist das Auftreten einer zweiphasigen Siedekrise nicht vorgesehen -
iiberkritische Fluide weisen keinen Phaseniibergang auf. Jedoch kdnnten bei einigen
Betriebszustinden, wie Anfahren oder Abschalten der Anlage, sowie unter
Unfallbedingungen transkritische Zustande auftreten, d.h. die Anlage miisste bei hohem
Druck und unterkritischen Bedingungen arbeiten. Da die  kritische
Heizflichenbelastung (Critical Heat Flux (CHF)) mit zunehmendem Druck abnimmt,
wird ein Auftreten einer Siedekrise wahrscheinlicher und es kann zu einem Burnout der
beheizenden Wand fiihren. Daher ist die Analyse des Wairmelibergangs im
transkritischen Bereich in iiberkritischen Anlagen von entscheidender Bedeutung.
Obwohl einige thermohydraulische (STH) Systemcodes dahingehend erweitert wurden,
dass sie Ttberkritische Bedingungen berilicksichtigen konnen, werden weiterhin
zuverldssige Warmeiibergangsmodelle im unterkritischen Hochdruck-Bereich bendtigt.
Die bestehenden STH-Codes sind nur fiir konventionelle Leichtwasserraktoren, d.h. fiir
Druck- und Siedewasserreaktoren, validiert, deren Betriebsdruck normalerweise unter
15,5 MPa liegt. Daher zielt die vorliegende Arbeit hauptsdchlich darauf ab, das CHF-
Modell und das Wérmiibergangsmodell nach dem CHF fiir diesen Bereich zu
aktualisieren. Das unterkritische Druckverhéltnis soll dabei hoher als P/P.= 0,7 sein.

Eine Hochdruck-CHF-Datenbank wurde mit gleichméBig beheizten Rundrohr-CHF-
Experimenten erstellt. Friihere CHF-Modelle aus der Literatur werden anhand dieser
Datenbank bewertet, konnten jedoch keine zufriedenstellende Vorhersagegenauigkeit
liefern. Daher wird in dieser Arbeit eine neue dimensionslose CHF-Korrelation
basierend auf Hochdruckwasser-CHF-Testdaten vorgeschlagen Die neue CHF-
Korrelation wird durch Hochdruck-CHF-Experimente fiir R12 sowie CO2 validiert und
zeigt eine bessere Vorhersage als bisherige Methoden.

Fiir Post-CHF Bedingungen wurde in der hier vorliegenden Arbeit nur eine Post-
Dryout-(PDO)-Warmeiibertragungsdatenbank erstellt, da bei hohen Driicken keine
sogenannte  Departure of Nucleate Boilin (DNB)-Versuche vorliegen.
Dementsprechend werden vorhandene Waérmeiibergangskorrelationen mit den
Hochdruckwasser-PDO-Experimenten verglichen, diese Korrelationen zeigen jedoch
eine nur unzureichende Vorhersagefahigkeit. Die in dieser Arbeit neu entwickelte PDO-
Wirmeitibertragungskorrelation weist dagegen eine gute Vorhersagegenauigkeit fiir die
PDO-Testdaten fiir Hochdruckwasser auf. Zusétzlich wird die Vorhersagefdhigkeit der
neuen PDO-Wirmelibertragungskorrelation durch Testdaten bestitigt, die durch
Hochdruck-CO2-Experimente, R134A-Experimente und Wasser-Experimente mit
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Kurzfassung

ungleichméfBig verteilter Warmestromdichte erhalten wurden.

Die neue CHF-Korrelation und die neue PDO-Wérmeiibertragungskorrelation wurden
in den modifizierten STH-Code ATHLET-SC implementiert. Mit diesem modifizierten
Programm wurden transkritische Wérmeiibertragungsexperimente eines Vier-Stab-
Biindels simuliert. Im Vergleich zum Originalcode stimmt der modifizierte ATHLET-
SC-Code besser mit experimentellen Ergebnissen iiberein. Die plotzliche
Wanderwéarmung beim Unterschreiten des kritischen Punktes und der Anstieg der
Wandtemperatur bei weiterem Druckabfall im unterkritischen Zustand werden durch
den modifizierten ATHLET-SC-Code gut vorhergesagt.

Zusammenfassend wurde ein neues CHF-Vorhersagemodel und ein neues PDO
Wirmeiibertragungsmodell entwickelt und in den STH-Code ATHLET-SC
implementiert, um sicherzugehen, dass die transkritischen Transienten vorhergesagt
werden konnen. Damit wird die Liicke bei Hochdruck-Wérmeiibertragungsmodellen
geschlossen. Dies ist von groBer Bedeutung fiir die Sicherheitsanalyse von
iberkritischen Kreisldufen.
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Nomenclature

General
Symbol
Bo

RMS
SD

Description

Boiling number, -

Specific heat, J/(kg ©C)

Drag force coefficient, -

Tube diameter, m

Friction factor, -

Froude number, -

Gravitational accelaration, m/s?
Mass flux, kg/(m? s)

Liquid film mass flux, kg/(m? s)
Heat transfer coefficient, W/(m? £C)
Enthalpy, J/kg

Enthalpy of saturated liquid, J/kg
Evaporation heat, J/kg
Calcualted actucal vapor enthalpy, J/kg
Equilibrium vapor enthalpy, J/kg
Length, m

Mean value, -

Number of data point, -

Nusselt number, -

Pressure, Pa

Reduced pressure, -

Prandtl number, -

Heat flux, W/m?

Critical heat flux, W/m?
Reynolds number, -
Root-mean-square value, -
Standard deviation, -

Temperature, °C
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Nomenclature

Ty a Actual vapor temperature, °C

T(k+ 1) Chauvenet’s criterion, -

Tvps Minimum film boiling temperature, °C
u Velocity, m/s

Usy Superficial vapor velocity, m/s

w Weighting factor, -

We Weber number, -

Xm Mass quality (0 < x,, < 1), -

Xa Actual quality, -

Xe Equilibrium quality, -

z Elevation, m

Greek

Symbol Description

A Thermal conductivity, W/(m <C)
U Dynamic viscosity, Pa s

p Density, kg/m?

o Surface tension, N/m

B Thermal expansion coefficient, 1/°C
6 Thickness, m

a Void fraction, -

T Standardized deviation, -

€ Error parameter, -

Ty Viscosity ratio, -

Tp Dimensionless diameter, -

T, Density ratio, -

Subscripts

Symbol Description

b Bulk

B Vapor blanket

c Critical

XViil



Nomenclature

cal

eq
exp

Calculated
Droplet
Equilibrium
Experiment
Evaporation
Film

Wall

Index

Inlet

Liquid phase
Measured
Reference value
Saturated
Pseudo-critical
Two-phase

Vapor phase

Abbreviations

Symbol
BWR
CEA
CHF
CSP
DNB
DO

FB
FPP
GFR
GIF
GRS
HPLWR
HTC

Description

Boiling Water Reactor

French Alternative Energies and Atomic Energy Commission
Critical heat flux

Concentrating solar power

Departure from nucleate boiling

dryout

Film boiling

Fossil power plant

Gas Cooled Fast Reactor

Generation IV International Forum

Gesellschaft fUr Anlagen- und Reaktorsicherheit
High Performance Light Water Reactor

Heat transfer coefficient

X1X



Nomenclature

HTD Heat transfer deterioration

IATF Institute for Applied Thermofluidics
INEEL Idaho National Engineering and Environmental Laboratory
LOCA Loss-of-coolant accident

LUT look-up table

NB Nucleate boiling

NVG Net vapor generation

ORC Organic Rankine cycle

PDO Post-dryout

PWR Pressurized Water Reactor

SCF Supercritical fluid

sCO2 Supercritical carbon dioxide

SCW Supercritical water

SCWR Supercritical Water-Cooled Reactor
SCWR-M  Mixed neutron spectrum SCWR

SFR Sodium-Cooled Fast Reactor
STH System Thermal-Hydraulic
TB Transition boiling

TDV Time dependent volume
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1. Introduction

Substance above its critical temperature 7c and critical pressure Pc is referred as
supercritical fluids (SCFS). As can be seen from Figure 1.1, the vapor-liquid phase
change in the supercritical region disappears, and the fluid is always single-phase. With
its unique properties, SCFs have been widely used in a variety of fields such as chemical
engineering, power generation, refrigeration, and food engineering™.

Supercritical

Critical point

Pressure

Temperature

Figure 1.1.: Phase diagram (Pressure-Temperature) of substance!”

1.1. Supercritical Power Cycles

With respect to the power generation, supercritical power cycles working with SCFs
are of great interest for its higher thermal efficiency. Currently, supercritical water
(SCW) and superecritical carbon dioxide (sCOz) are actively considered as a coolant for
power cycles throughout the world. For instance, compared to the conventional
subcritical fossil power plants (FPP), the current commercial supercritical FPP and
ultra-supercritical FPP improve the net efficiency from lower than 35% to 35-40% and
40-45%, respectivelyll. Besides, as reported by Marion et al.'*), the STEP 10 MWe
SCOz Pilot Plant Demonstration would achieve a net efficiency over 50%. Particularly,
supercritical power cycles have a great potential in waste heat recovery and clean
energy application, such as nuclear energy, solar energy, geothermal energy, and
bioenergy®71.
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e \Waste heat

The application market of the industrial waste is extraordinarily large, such as waste
heat from metal mines, chemical plants, cement plants, gas turbines, and reciprocating
engines. However, the development of the utilization of low temperature waste heat is
still limited. The critical temperature of COz is about 30.98 °C, which allows the SCO2
power cycles to be applied for various temperature ranges and therefore for low-
temperature heat sources!” 8. Currently, organic Rankine cycle (ORC), with the
flammable hydrocarbon-based organic as working fluid, is applied to use the low-
temperature heat sources. For safety measures, an intermediate loop is used to transfer
heat from the heat source to the organic fluid. Obviously, when applying sCO2 power
cycle to waste heat recovery, the safety measures are not required further, since COz is
nontoxic and nonflammable. Moreover, compared to ORC plants, the equipment size
of sCO2 power cycles would be smaller and it could work with even lower heat source

temperature!® 1%,

*  Nuclear energy

Supercritical Water-Cooled Reactor (SCWR), as the only reactor concept with
supercritical water as working fluid, was recommended as one of the six most
promising Generation IV reactor systems by the Generation IV International Forum
(GIF)'Y) based on advances made in the supercritical FPPs and the conventional
Pressurized Water Reactors (PWRs). Designed to be operated at 25 MPa and outlet
temperature over 500 °C, the net efficiency of SCWR can reach up to 45%. In addition,
due to a direct-cycle design with single-phase coolant, expensive plant components
utilized in conventional nuclear power plants such as steam generators in PWR, or
moisture separator and steam dryer in BWR are eliminated in SCWR. Hence, it results

in a considerable reduction in capital costs!!>16],

Concepts of cooling system with sCO2 power cycles have been proposed for various
kinds of Generation IV reactors, as direct cycle and indirect cycle!!”). Compared to the
most often considered gas cycles for Gas Cooled Fast Reactor (GFR), i.e., Helium
cycles, the sCOz cycles eliminate the leakage problem practically, for COz is a triatomic
gas with a much higher molecular weight!!® 1°]. The high density sCO: enables the cycle
layout to be more compact and provides an acceptable size of heat exchangers. Taking
place of the traditional Rankine superheated steam cycle, the application of sCO2
Brayton cycle to the Sodium-Cooled Fast Reactor (SFR) could achieve higher
efficiency and avoid considering the sodium-water reaction, since sCOz is stable and

relative inert in the working range*!.

For Fusion reactors, a simple but high-efficiency sCO:2 Brayton cycle could realize the
integration of all three main heat sources (i.e., blanket, divertor, and vacuum vessel)

taking the advantage of the wide working range of sCO2 Brayton cycle!?!-%],

* Solar energy, geothermal energy, and bioenergy
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sCO2 power cycle is appealing to be utilized in renewable energy systems, not only
taking the advantage of its higher efficiency, good power scalability (~10—-150 MWe),
smaller size, and simpler layout, but also for COz2 is environment-friendly. Moreover, it
allows concentrating solar power (CSP) plants to be applied in the desert places where
water is scarce while solar energy is abundant!**2%), Similar for dry geothermal
reservoirs, in which water is inadequate, the energy resource could be captured by
injecting cold sCO2 through wells into the thermal plume?” 28], As indicated, another
benefit is that 2% of the CO2 flowing through the geothermal heat source would be

captured in the welll®),

Moreover, regarding the heat transfer in a supercritical power cycle, since supercritical
fluid is single-phase, the two-phase boiling crisis phenomena, which is a crucial
criterion to conventional subcritical systems, is eliminated and becomes another
advantage of the supercritical power cycle.

However, the supercritical system may experience trans-critical processes, in which the
system pressure transfers between supercritical conditions and subcritical conditions,
during startup, shutdown, and abnormal transients such as the loss-of-coolant accidents
(LOCA). Obviously, the boiling crisis problem cannot be avoided when taking these
trans-critical transients into consideration.
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Figure 1.2.: Variation of saturation properties in the high-pressure region for
water?’]

As can be seen from Figure 1.2, thermal-property differences between the saturated
vapor and saturated liquid will be smaller when the pressure increases, and in the high-
pressure region, thermal properties change drastically. It is noted that the evaporation
heat decreases to zero at the critical point, which may enhance the vaporization process.
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Accordingly, it causes the occurrence of boiling crisis easier and may result in burnout
of the heated wall. Furthermore, as experimentally observed by Hong et al.l*"), the
critical heat flux (CHF) converges to zero as the pressure raises up to the critical point.
Thus, in the high-pressure region, even with a low heat flux, the boiling crisis could
occur. Hence, to guarantee the system safety, heat transfer analysis of the trans-critical
transient is of great significance for the supercritical systems.

1.2. Trans-critical Transient Heat Transfer Experiments

In the past twenty years, owing to the R&D of supercritical power cycles, heat transfer
experiments during a trans-critical transient have been conducted.

Hong et al.?% carried out trans-critical depressurization experiments with R134a (P =
4.059 MPa, Tc = 101.06 °C) as coolant in a upward flow internally heated annulus. The
system pressure began to decrease from supercritical pressure (4.14 MPa) to subcritical
pressure, whereas the flow rate, inlet subcooling, and the supplied power were kept
constant. As indicated, a sudden wall temperature heat up was observed as the system
pressure crosses the critical point. As Hong et al.”%! stated, the boiling crisis occurred
as soon as the pressure decreased to subcritical condition, and the post-CHF heat
transfer region was thereby encountered, which resulted in the increase of the heated
wall temperature.

Kang and Chang®! performed trans-critical heat transfer experiments in a uniformly

heated vertical tube cooled by R134a with pressure decreased from 4.5 MPa to 3.8 MPa.
Likewise, for some locations, the heated wall started to increase abruptly at the critical
point. Moreover, as experimentally investigated when the pressure transient rate varied
from 1.1 to 13.6 kPa/s, the influence of the pressure gradient on the heat transfer could
be neglected.

Trans-critical heat transfer experiments of 5x5 heated rod bundles with R134a was
conducted by Watanabe et al.l*’l. They performed both depressurization and
pressurization trans-critical experiments, with system pressure changing between 3.4
MPa to 4.2 MPa. As the measurements indicated, boiling crisis was induced, and the
post-CHF heat transfer mode was kept in the near critical region. The wall temperature
profile versus the system pressure in the depressurization transients were almost the
same as that in the pressurizing process. In the depressurization transients, the wall
temperature started to increase rapidly when the pressure approaches the critical point,
and the wall temperature drop was observed since the post-CHF stage was ended at
lower pressure. It was demonstrated that the pressure corresponding to the end of the
boiling crisis in the depressurizing process was lower than the pressure for the begin of
boiling crisis in the pressurization transient.

Zhang!®! investigated the heat transfer behaviors during depressurizing trans-critical
transients of R134a flowing in a vertical round tube. The system pressure decreased
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from 4.3 MPa to 3.7 MPa with pressure gradient around 20 kPa/s. In the supercritical
condition, the wall temperature reduced systematically as the pressure decreased. When
the system pressure crossed the critical point, the wall temperature increased in some
cases due to the two-phase boiling crisis. At the end of the pressure transient, the wall
temperature could exceed the initial value in the supercritical condition. While for cases
without boiling crisis, the wall temperature decreased with the pressure descending.

Trans-critical heat transfer experiments with water as a working fluid have been
performed by Hu** in 2x2 rod bundle with wrapped wire. With the pressure transient
rate at 16.7 kPa/s, the system pressure descended from 25 MPa to 17 MPa. Similarly,
for cases with the occurrence of boiling crisis, an abrupt wall heat up was observed at
the critical point. However, the wall temperature did not keep increase during the
depressurizing process. It dropped suddenly at a lower pressure condition, owing to
recovery from post-CHF to nucleate boiling heat transfer.

In general, as confirmed by experiments, when the pressure drops from supercritical to
subcritical condition, the wall temperature is possible to rise suddenly after crossing the
critical point in case that boiling crisis occurs and post-CHF regime is encountered. As
experimentally investigated by Watanabe et al.l*?) and Hul**, the heated wall may get
rewetted at a lower pressure condition. Besides, referring to heat transfer experiments
under supercritical pressure carried out by Shitsman et al.l*3], the occurrence of heat
transfer deterioration may lead to drastic heat-up of the heated wall. Therefore, to
capture the wall temperature profile during the trans-critical transient, the heat transfer
model not only at supercritical condition but also at subcritical condition should be
considered.

1.3. Thermal-Hydraulic Codes for Supercritical System

Various well validated System Thermal-Hydraulic (STH) codes for design and safety
analyses, e.g., RELAPS, CATHARE, ATHLET, have been upgraded to the supercritical
condition. As mentioned above, the vapor-liquid phase change disappears at the critical
point and supercritical fluids are single-phase. If simply assign the void fraction to one
or zero for the supercritical condition, once the critical pressure is approached during a
trans-critical transient, the sudden void fraction transition may cause divergence in
simulation. For this reason, conventional STH codes with two-fluid model would fail
to run trans-critical transients for safety analysis of supercritical systems. Thereby,
special modifications are implemented>¢-381,

e RELAPS

RELAPS codes was developed by the Idaho National Engineering and Environmental
Laboratory (INEEL) for U.S. Nuclear Regulatory Commission, originally aiming to
simulate transients of PWR. It has been extended to various thermohydraulic transient
for both nuclear and nonnuclear systems. With respect to applying RELAPS to
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supercritical condition, it was found that only a few supercritical cases and trans-critical
blowdown transients could be executed even though properties of supercritical water
were implemented. Therefore, several additional modifications were carried out to
make it executable, including changes in the water-steam property tables and interfacial
heat transfer coefticient for vapor. For instance, at the critical point, property derivatives
for specific heat, volume expansivity, and isothermal compressibility were assigned to
consistent values. Furthermore, heat transfer models and fluid-wall friction models
were upgraded to supercritical pressures. The modified RELAPS successfully
performed the transient simulation of a small break LOCA for the SCWR proposed by
INEELD,

e CATHARE

The French STH code CATHARE was originally developed for safety analyses of PWR
by French Alternative Energies and Atomic Energy Commission (CEA) cooperated
with EDF, FRAMATOME and IRSNP?., In the framework of the High Performance
Light Water Reactor European project (HPLWR Phase 2), CATHARE was extended to
the application for supercritical water*”, The IAPWS-97 thermodynamic properties
package!*!! was utilized with high-order splines at boundaries between different
IAPWS-97 formulation regions, to ensure the accuracy and continuity of the physical
properties. Heat transfer correlations and pressure drop correlations for supercritical

42, 81 Besides,

flows were added according to the review works of Pioro et al.l
supercritical fluids were modeled with a pseudo two-phase model according to the fluid
temperature. In case the fluid temperature is lower than the pseudo-critical temperature,
it is treated as pseudo-liquid with void fraction at zero, otherwise, regarded as pseudo-
vapor with void fraction at 1.0. The modified CATHARE successfully performed the

preliminary simulation of LOCA transients for the HPLWR.
e ATHLET-SC

ATHLET is an advanced STH simulation code developed by Gesellschaft fiir Anlagen-
und Reaktorsicherheit (GRS) in Germany!**. Based on a highly modular code structure,
the STH code ATHLET provides simulations with the one-dimensional, two-phase fluid
dynamic models*¥). To satisfy the requirement of the safety analysis of supercritical
power systems, the modified version, ATHLET-SC, was developed based on ATHLET
Mod 2.1 Cycle AP %1 ATHLET-SC implemented the IAWPS-IF97 formulations to
extend the water-steam properties package to supercritical pressure. The heat transfer
correlation, wall friction model, interfacial mass transfer model, and the critical flow
model were also upgraded to supercritical condition. In addition, as Figure 1.3 shows,
in the supercritical condition, a narrow two-phase region was proposed and applied with
a pseudo evaporation enthalpy. Selecting the pseudo critical temperature as pseudo
saturation temperature, the saturated vapor line and saturated liquid line is determined
by the pseudo saturation line and pseudo evaporation enthalpy. Fluids at supercritical
pressure are thereby separated to three regions, i.e., pseudo-vapor, pseudo-liquid, and
pseudo two-phase, which is as well as in the subcritical condition. As a result, the abrupt
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transition at the critical point is smoothed and the code numerical robust could get
guaranteed when applied for trans-critical transients. Preliminary simulation and safety
system design of the mixed neutron spectrum SCWR (SCWR-M) were carried out with
ATHLET-SC, for the loss of flow accident*® and loss of coolant accident!*’].
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Figure 1.3.: Schematic of the pseudo two-phase model

Overall, based on conventional safety analysis code, some STH codes have been
extended to supercritical pressures. Except the strategy to guarantee the numerical
stability at both near critical and supercritical conditions, the modifications were mainly
focusing on upgrading thermal-dynamic models for supercritical condition, e.g.,
models for heat transfer, friction, interfacial mass transfer, and critical flow. As a result,
the modified STH codes can perform thermal-hydraulic analysis of supercritical
systems at steady-state supercritical conditions and trans-critical transients.

However, these STH codes were originally validated and qualified for PWR or BWR,
of which the working pressure is only up to 15.5 MPa for water. Since heat transfer
models utilized in STH codes usually cannot be extended to the range out of validity,
when applied for SCWR safety analysis, there remains a vacancy in the high-pressure
subcritical region between 15.5 MPa, of which the reduced pressure (P/Pc) is about 0.7,
and the critical pressure (Pc) is at 22.064 MPa. Especially, as indicated by trans-critical
heat transfer experiments, owing to the low value of CHF in the high-pressure region,
the heated wall may experience a sudden temperature rise in the near critical region.
Therefore, reliable models of CHF and post-CHF heat transfer for the high-pressure
region are required to improve the prediction accuracy of STH codes for the simulation
of trans-critical transients.

1.4. Research Objectives

As discussed above, there has been a considerable interest of supercritical power cycles
in recent years, mainly for its advantage of high efficiency and reduction in capital costs.

Though designed to be operated above critical pressure, under some transient
conditions, the supercritical power cycle system may experience trans-critical transients
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with pressure transferring between supercritical to subcritical condition. As observed in
trans-critical heat transfer experiments, the heated wall would possibly have a sudden
heat up as the pressure crosses the critical point when boiling crisis occurs in the
subcritical condition. Besides, high-pressure CHF experiments indicate that in the high-
pressure condition, the increase in pressure leads to a lower CHF. Therefore, when
working at high-pressure conditions, the supercritical power system may meet the
burnout problem even though the supplied heat flux is in a low level. Hence, the heat
transfer analysis of these trans-critical procedures is necessary.

Although some STH codes have been extended to supercritical condition and could
perform the simulation of trans-critical transient successfully, heat transfer models have
not been upgraded yet in the high-pressure subcritical region from 15.5 MPa to the
critical pressure. Thus, it requires well validated heat transfer models for the high-
pressure condition, especially the CHF model which determines whether the heat-up
occurs, and the post-CHF heat transfer model to predict the wall temperature.

Thereby, for supercritical power cycles, to make sure the prediction of trans-critical
transients, heat transfer at supercritical condition and high-pressure subcritical
condition should be paid attention to. The main objective of the present work contains
the following aspects.

* Review and update research status about the heat transfer characteristics for
supercritical fluids. Summarize and compare different prediction methods of heat
transfer at supercritical pressure.

* Review the mechanism of boiling crisis and post-CHF heat transfer; summarize
and assess different prediction approaches. Establish new experiment databanks
and examine previous prediction methods for the high-pressure condition. If
necessary, develop new prediction method of CHF and post-CHF heat transfer for
the high-pressure condition.

*  Modify the STH code ATHLET-SC, with selected high-pressure heat transfer
models (i.e., CHF model and post-CHF heat transfer model) and heat transfer
model for the supercritical pressures. Evaluate the performance of the modified
ATHLET-SC code with the aid of trans-critical transient experiments.




2. Fundamentals and Literature Reviews

This chapter describes basic knowledge about heat transfer in the supercritical condition,
boiling crisis, and heat transfer in the post-CHF region. Different prediction methods
are summarized and discussed.

2.1. Heat Transfer to Fluids at Supercritical Pressure

2.1.1. Properties of Fluids at Supercritical Pressure

As indicated in Figure 2.1, the temperature at which the specific heat reaches a sharp
peak is termed as pseudo-critical temperature (T,,¢). The properties vary drastically in a
narrow band near T,.. The variation of properties with temperature is continuous. In
the supercritical region, the phase change of substances disappears. Therefore,
supercritical fluids are single-phase.
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Figure 2.1.: Variation of properties with temperature for water at 25 MPal?”!

For water at 25 MPa, as illustrated in Figure 2.1, the density, dynamic viscosity, and
thermal conductivity fall with the increase of temperature, while the dramatic peak like
the specific heat peak is not observed. However, there is a small increase of the thermal
conductivity at Tp.. Further, the variation of properties at different supercritical
pressures is compared in Figure 2.2. As the pressure increases, the T, rises and the
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magnitude of the specific heat peak drops. As Figure 2.2 (d) shows, at the pressures of
22.1 MPa and 23.0 MPa, the thermal conductivity reaches extreme peaks and gets
recovered immediately near T, . Besides, the change of the density and the dynamic
viscosity around the pseudo-critical temperature also becomes less severe as the
pressure increases further.
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Figure 2.2.: Variation of properties with the temperature and pressure for water!*"’

2.1.2. Heat Transfer Characteristics of Supercritical Fluid

Due to its large variation of properties for supercritical fluids especially near the
pseudo-critical region, the heat transfer behavior with the supercritical fluids is different
to conventional fluids. Previous systematical reviews have been provided by Jackson
et al. 3> 41 Jaeger et al.l*), Pioro®"), Licht®!], Cheng et al.['*>52]) etc.

Figure 2.3 shows the results of the experiments conducted by Shitsman et al.l*> with
supercritical water in 1963. The experiments were carried out with upward flow in a
heated circular tube of 8 mm diameter, at a pressure of 23.3 MPa, mass flux of 430
kg/(m?-s), and inlet enthalpy of 1465 kJ/kg. As can be seen, the wall temperature
increases systematically at low heat fluxes of 221 kW/m? and 281 kW/m?. However, at
higher heat fluxes i.e., 300 kW/m?, 337 kW/m?, and 386 kW/m?, the wall temperature

10



Fundamentals and Literature Reviews

exhibits apparent peaks, which implies that the local heat transfer capability has a
drastic reduction. The phenomenon of the heat transfer reduction at supercritical
pressures is referred as ‘heat transfer deterioration (HTD)’. Obviously, the occurrence
of HTD could cause the damage of the heating wall in the supercritical condition. Hence,
it has to be taken into consideration in heat transfer analyses.

600r Water P=23.3 MPa

— 221 KW/m?

— 281 kW/m?

— 300 kW/m?

\ 337 kW/m?
386 kW/m?

0.1 0.7 1.3
Axial position [m]

Figure 2.3.: Heat flux effect on heat transfer for water at 23.3 MPa with upward

flow in a heated tubel*’!

According to early review and assessment work by Schatte et al.>3] and Feuerstein®*,
the prediction method of the onset of the HTD has been provided by several authors in
the past six decades, though it is still a controversial topic.

Koshizuka et al.1*! defined a heat transfer coefficient ratio as the criterion of the HTD,
given in Eq.(2.1). h is the heat transfer coefficient (HTC, see Eq.(2.2)) calculated from
results of heat transfer experiments, in which g, Ty, and T}, are the heat flux, wall
temperature, and bulk fluid temperature, respectively. hpg is the HTC calculated by
the Dittus-Boelter correlation, shown in Eq.(2.3). Ay, up, and ¢,y are thermal
conductivity, dynamic viscosity, and the specific heat of the bulk fluid, respectively. Dy,
stands for the hydraulic diameter of the tube, G for the mass flux. The conditions under
which the heat transfer coefficient ratio lower than 0.3 is identified as HTD conditions.

h/hpg < 0.3 2.1)

h= (2.2)

GDL\"®  (1pCpp\O* Ay
h =0.023-( ) ( ”') 2
bB Up b Dy,

I developed a correlation of the onset of HTD , as seen in the Eq.(2.4).

(2.3)

Yamagata et al.>
Additionally, as demonstrated by Koshizuka et al.**), experimental conditions judged

as HTD by Eq.(2.4) agree with Eq.(2.3).
q=200-G? (2.4)

11
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Cheng et al.’") proposed a criterion with considering the effect of the mass flux and
pressure, as Eq.(2.5) shows. ¢, . and B denote the specific heat and the thermal
expansion coefficient at the pseudo-critical point, respectively. It is illustrated by the
Eq.(2.5) that the heat flux corresponding to the onset of HTD rises when the pressure
increases.

q=1354%x10"3-G Cppe (2.5)
ﬁpc
Although the HTD phenomenon in the supercritical condition has been observed for
sixty years, there is still no clear explanation for it. Currently, the effect of buoyancy
and thermally-induced bulk flow acceleration on the heat transfer at supercritical
conditions has been highlighted by the International Atomic Energy Agency (IAEA),

while it is still undergoing!®®].

2.1.3. Prediction Methods for Heat Transfer at Supercritical

Condition

Due to the dramatic variation of properties and the occurrence of HTD, conventional
approaches to predict heat transfer at subcritical condition cannot be applied to
supercritical condition directly. So far, large numbers of heat transfer prediction
approaches for supercritical conditions have already been proposed. Extensive
overview and assessment of prediction methods for the heat transfer at supercritical
condition have been prepared by Pioro!®’l, Kurganovl®®, Zahlan®"!, Zhao®!, Cheng et
all®?] etc.

2.1.3.1. Heat Transfer Correlation for Supercritical Pressure

Numerous heat transfer correlations for supercritical pressures have been proposed. As
concluded by Zhaol®!!, most correlations were developed from experimental results by
modifying the Dittus-Boelter correlation with the structure in,

Nu=C-Re, -Prji-F (2.6)

where Nu, Re, and Pr stands for the Nusselt number, Reynolds number, and Prandtl
number, respectively. The subscript X1 and X2 denote the temperature used to evaluate
the properties in Re and Pr.C, M, and N are constant coefficients. F is the correction
factor.

As indicated by Eq.(2.7), for the Bishop correlation!®], the coefficients C, M, and N
equal to 0.006, 0.9, and 0.66, respectively. The Reynolds number (see Eq.(2.8)) and
Prandtl number (see Eq.(2.9)) are both calculated with the properties at the bulk
temperature, where u, and A, are devoted for the dynamic viscosity and thermal
conductivity at the bulk temperature. Especially, the average specific heat ¢}, is
defined in Eq.(2.10) due to its drastic variation near the pseudo-critical point. H,, and

12
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Hy, are the enthalpy at the wall temperature T,, and the bulk temperature Ty,
respectively. The correction factor is introduced by considering the wall temperature
effect with the density ratio p,,/py. More correlations in the structure of the Dittus-
Boelter correlation were summarized by Zhao!®!,

_ P\ 043
Nu = 0.0069 - Rel? - Pr2¢ - (—W) (2.7)
Pb
Re, = 22h (2.8)
e, = .
b HUp
_ c
Pr, = Kpb 2.9)
Ay
_ Hy, — Hy,
Cpp = h (2.10)

Krasnoshchekov et al.l together with Petukhov et al.[®! proposed a correlation
independent to the Dittus-Boelter correlation (see Eq.(2.11)). The friction factor f is
included to calculate the Nuy. Property ratios of the dynamic viscosity, thermal
conductivity, and the specific heat are introduced to give a correction to Nu.

0.11 -0.33 — 0.35
— b Zb p.b
Nu = Ny, - ( ) ()1 ) <Cpb> (2.11)
%) RebPrb
Nu, = p (2.12)
12.7 ( Pr} — ) +1.07
f= (2.13)

(1.821og4, Reb — 1.64)%

Cheng et al.’”! derived a new dimensionless parameter T, (acceleration number), to

T = gg (214)

consider the acceleration effect, where f is the thermal expansion coefficient, ¢, the
specific heat at the bulk temperature. g stands for the heat flux, G for the mass flux.
Recently, in 2019, Cheng et al.[®?! extended their heat transfer databank to more than
90,000 data points, in which more than 50% data points are possibly under HTD
condition. However, as reviewed by Cheng and Shulenberg!®®!, most of previous heat
transfer correlations fails to predict HTD conditions. Thereby, a part of SCW water data
is applied to develop heat transfer correlations which are also suitable for HTD
conditions. Two correlations are proposed with given heat flux,
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Nu = 0.023 - Red® - Prl"* - Fyy - Fyp (2.15)

0.98,7, x 10* < 1.75
B {0.85 +0.056(m, X 100)15,1.75 < 1, x 10% < 3.75
1

o = 131 x 10* > 3.75 10
\ 25+ (m, x 10%)135" ™A '
_ (0.93Pr%%%, Pry, < 2.5 2.17)
927 1.66Pr; %333, Pry, > 2.5 '
and given wall temperature,
1
Nu = 0.023 - Re$® - P13 - Fry; - Fruz - Frus (2.18)
; 2.10
Twl — ~ 092
C 2.19
1.40 + (L"> 219
Cp,b
F _ 10, PT'b <6 290
Twz = {0.764Pr§-167,Prb > 6 (2.20)
1.44 % (p,/p,,) — 0.48,p, /p,, < 1.3
Tw3 = —0.49 (2.21)
1584 x (p,/p,) . pp/p, > 13

In the Eqs.(2.15)+2.21), Fq1, Fq2> Frwi,> Frwz, and Fry3 denote the correction
factors. Pry, = upCpp/Ap is the Prandtl number under the bulk temperature. 1, stands
for the acceleration number given by EQ.(2.14). ¢} is devoted for the averaged
specific heat calculated by Eq.(2.10), ¢, , for the specific heat at the bulk temperature.
Py and p,, are density at the bulk temperature and the wall temperature, respectively.

As demonstrated by Cheng et al.[®?], the prediction ability of these two correlations, i.e.,
Eq.(2.15) and Eq.(2.18), achieve good agreement with validation experiments including
supercritical water data, the supercritical R134a data, and supercritical CO2 data.
Compared to previous correlations, Cheng’s correlations!®? provide a better predictive

1171 that when implemented into STH

capability. Moreover, it is illustrated by Zhao et a
code, the heat transfer correlation with given heat flux, i.e., Eq.(2.15), could give a
better prediction accuracy. Considering the above aspects, Cheng correlation with given

heat flux is recommended.

2.1.3.2.Look-up Table for Heat Transfer at Supercritical Condition
(SC LUT)

The look-up table (LUT) is usually established by ‘localized best fitting’ procedures
based on experimental results near the proposed grid points. Normally, a great number
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of experimental data points are required to fill the table skeleton. To date, three look-
up tables have been developed for the heat transfer of supercritical water with vertical
flow in uniformly heated circular tubes.

Loewenberg et al.[®® established a SC LUT, which is a five-dimensional table providing
the wall temperatures as a function of the mass flux, heat flux, pressure, tube diameter,
and bulk enthalpy. In the look-up table, the mass flux range is 7003500 kg/(m?s), heat
flux 300-1600 kW/m?, pressure 22.5-25 MPa, tube diameter 820 mm and bulk
enthalpy 1200-2700 kJ/kg.

Liu developed a SC LUT with their own databank[®”. However, considering the large
deviation in the amount of data points for different tube diameters, the tube diameter is
excluded from the basic dimensional parameters. Thus, nine tables for nine different
diameters i.e., 7 mm, 8 mm, 9 mm, 10 mm, 12 mm, 18 mm, 20 mm, 24 mm, and 26
mm, are established separately. However, except the tables for 10 mm, 12 mm, and 20
mm, the other six remain a lot of vacancy owing to the shortage of experimental data
points. Liu’s LUT contains pressures in the range from 22.5 to 31.3 MPa, mass flux
from 407 to 3500 kg/(m?s), heat flux from 158 to 2000 kW/m?, and the bulk enthalpy
from 300 to 3000 kJ/Kg.

Zahlan’s LUT% provides the HTC rather than the wall temperature as Loewenberg et
al.[® or Liul®1 did. HTC is given as a function of the pressure, mass flux, wall superheat,
and the bulk enthalpy. The tube diameter was fixed to 8 mm i.e., def, hence, to
construct the LUT, the experimental HTC with different diameter from 8§ mm was
scaled to it with,

Dy \"
Pref = A (D ) (2.22)
ref
Here, hyer is the HTC in 8 mm (D,ef) tubes after scaling. h,, and D), denote the
measured HTC and tube diameter in experiments. Corresponding to tube diameter in 5
mm, 6 mm, 9 mm, 10 mm, 14 mm, 15 mm, and 16 mm, the exponent # is given the
values 0.075, 0.09, 0.10, 0.12, 0.15, 0.20, and 0.25, respectively. The LUT covers the
pressure range of 19-30 MPa, mass flux of 100-500 kg/(m?s), the bulk enthalpy of

1000-3000 kJ/kg, and the wall superheat of 10-500 °C.

Except Loewenberg’s LUT!®l the SC LUT established by Liu!®! or Zahlan!"" is
capable of predicting the HTC under HTD conditions. It should be noted that, these SC
LUTs are developed from water experiments and therefore could not be applied to other
coolants directly.

2.1.3.3. Phenomenological Model for Heat Transfer at Supercritical
Condition

As mentioned in Section 2.1.1, at the supercritical condition, although fluids remain
single-phase, the variation of properties with the temperature is nonlinear especially
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near the pseudo-critical point, which makes it difficult to develop a mathematical model
for the heat transfer at supercritical condition!’!].

Referring to the publication of IAEA Coordinated Research Project (CRP) about heat
transfer behavior related to SCWRsP®, phenomenological model developed by
Jackson!?! is highlighted. As Jackson!’?! stated, for supercritical fluids flowing in
uniformly heated vertical tubes, the radial distribution of shear stress is modified under
the influence of buoyancy or thermally-induced bulk flow acceleration. It changes the
amount of turbulence production and thereby affects the heat transfer by turbulent
diffusion. Accordingly, taking into account the non-uniformity of properties of
supercritical fluids, Jackson!’?l obtained Nusselt number ratios between buoyancy
influenced and buoyancy-free flow, and between thermally-induced bulk flow
acceleration effected and acceleration-free flow, respectively. However, Jackson’s
model!”?! can only provide qualitative prediction but is still incapable of determining
the HTC values directly so far. Further research is still undergoing!”>l.

2.2. Boiling Crisis & Critical Heat Flux

2.2.1. General

The boiling crisis occurs when the heat flux raises up to a high level that the heated
surface can no longer support the continuous liquid contact’*. The heat flux at the
boiling crisis point is usually referred as critical heat flux (CHF). Since the poor heat
transfer capability of vapor, the boiling crisis could lead to failure of the heated surface.
Therefore, it is a significant safety limitation to heat transfer.

Regarding to flow boiling in a pressure duct, two boiling crisis mechanisms are
supposed to be considered!”>].

The first is referred as ‘departure from nucleate boiling (DNB)’, as shown in Figure
2.4(a), occurring in a subcooled or low-quality condition. The upstream of the DNB
point is the so-called ‘nucleate boiling’ (bubbly flow). After the DNB point, the flow
pattern transfer to inverted annular flow, where the liquid phase forms as a continuous
core with dispersed vapor bubbles, while the vapor phase flows along the wall. Since
vapor flows faster, it causes instabilities in the liquid core and leads to break up of the
liquid core. The flow will transfer to dispersed droplet flow in which the liquid droplets

dispersed in the vapor phase!”!.

Figure 2.4(b) exhibits another kind of boiling crisis, ‘dryout (DO)’. The upstream of
the DO point is an annular flow, where the liquid film flows along the heated wall. Then,
the dryout of the liquid film leads to dispersed droplet flow where the liquid droplets
dispersed in vapor phase, and the heated wall lost the cooling through continuous liquid
phase. Normally, the dryout type boiling crisis occurs under higher quality!’>).
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Figure 2.4.: Flow patterns near the CHF point for flow boiling!”>

2.2.2. Boiling Crisis Mechanism

As mentioned above, since there is significant difference in heat transfer characteristic
for various flow patterns, the boiling crisis must be explained by different mechanisms.
This section describes the mechanisms of DNB and dryout, respectively.

DNB

As reviewed by Bruder!’®], the mechanism for DNB is still to be understood. Currently,
the sublayer dryout model and the bubble crowding model are the focus of attention.

*  Sublayer Dryout Model”"): As can be seen in Figure 2.5, near the heated wall,
vapor blankets are generated due to the coalescence of small bubbles. Between the
vapor blanket and the heated wall, there remains a thin liquid sublayer. The boiling
crisis occurs when the liquid sublayer is completely dryout.

e Bubble Crowding Model”®!: The bubbly layer builds up near the heated wall (see
Figure 2.6). Boiling crisis occurs when bubble layer fills the near wall region and
the bulk cold liquid to reaching the heated wall is prevented by bubble crowding
near the heated wall.

Dryout

In annular flow, as shown in Figure 2.4 (b), the thickness of the liquid film is determined
by the deposition (‘D) of the droplets to the liquid film, and the entrainment (‘E’) and
vaporization (‘V”) of the liquid film to the core region. The liquid film loses liquid from
the entrainment and vaporization procedures, while it receives liquid caused by
deposition. Boiling crisis will occur when the liquid film of the annular flow disappears.
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Figure 2.5.: Schematic of sublayer Figure 2.6.: Schematic of bubble crowding
dryout model model

2.2.3. CHF Prediction Methods

To date, numerous of prediction methods for CHF have been proposed, especially as a
result of the R&D for nuclear power plants.

2.2.3.1. CHF Correlation

Hundreds of CHF correlations have been proposed for various flow conditions!”. In
this section, two commonly used CHF correlations for conventional light water reactors
(PWR and BWR) are introduced hereunder.

e W-3 correlation/®"
qc = 3.154 x 10°- {(2.022 — 6.238 x 1078P)
+(0.1722 — 1.43 x 1078P)
x exp[(18.177 — 5.987 x 10~7P)x,]}
x [(0.1484 — 1.596x, + 0.1729x,|x.) (2.23)
X 7.373 X 107*G + 1.037](1.157 — 0.869x,)
% [0.2664 + 0.8357 exp(—124.055Dy,) ]
x [0.8258 + 0.341 x 10~(H.s — Hi,)]

Developed by Tong!® for uniformly heated round tubes, the well-known W-3
correlation is one of the most widely applied CHF correlations for PWR. q. denotes
the CHF in W/m?2. P is for the pressure in Pa, x, for equilibrium quality, G for mass
flux in kg/(m?s), Dy, for hydraulic diameter. Hy g and H;, are devoted for the saturated
liquid enthalpy and the inlet enthalpy with unit in J/kg, respectively. As stated, the range
of validity is for pressure between 6.8957—15.86 MPa, mass flux from 1360 to 6800
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kg/(m?s), equilibrium quality for -0.2-0.15, hydraulic diameter for 5-17.8 mm, and the
inlet enthalpy above 930 kJ/kg.

e I[srael-Casterline-Matzner correlation®']

e = 3.154 x 10°[(0.688 + 1.144 X (7.37 x 10*G)'4)

2.24
—(0.831 4 0.211G'*7%)] - x, @29

This correlation was developed for Boiling Water Reactor (BWR), based on
experimental results in a 16-rods test section. g, stands for CHF, G for mass flux, and

X for the equilibrium quality. The correlation is for pressure at 6.89 MPa, rod diameter
14.28 mm, rod pitch 3.33 mm, mass flux 678-2441 kg/(m?-s), and quality 0.073—0.398.

2.2.3.2.CHF Look-up Table

The first CHF LUT was constructed by Doroshchuk®?! in 1975, with 5000 CHF data
points. The recent CHF LUT was completed in 2006, developed by Groeneveld et al.[#%,

The 2006 CHF LUT is based on more than 30000 data points from experiments for
water-cooled uniformly heated circular tubes with upward flow. The CHF gq. is
provided as a function of pressure, mass flux, and quality. The skeleton of the table
covers the pressure range from 0.1 to 21 MPa, mass flux from 0 to 8000 kg/(m?:s), and
quality from -0.5 to 0.9. The 2006 CHF LUT only provides CHF values for tube
diameter in 8 mm. Hence, Eq. (2.25) is suggested by Groeneveld et al.®*! to convert
from the CHF q.pyr in the LUT to the CHF g, in the required tube diameter.
Moreover, without reliable scaling method, it fails to apply for non-aqueous fluids.

-1/2

Dy
qc = qcLuT (m) (2.25)

2.2.3.3.Phenomenological Model for CHF

Sublayer Dryout Model for DNB

For subcooled or low-quality condition, theoretical models based on sublayer dryout
mechanism are discussed as follows.

(@) Lee and Mudawar model!””!

Lee and Mudawar!””! first proposed the sublayer dryout model for subcooled upward
flow boiling based on local condition. Their model assumed that boiling crisis occurs
when the loss rate of the liquid sublayer due to evaporation cannot be compensated by
gaining liquid from the core region. Thereby, the formula of the critical heat flux q. is
shown in Eq.(2.26). Uy stands for the velocity of the vapor blanket, p; for the liquid
density. § and Lg denotes the sublayer thickness and the vapor blanket length. Hy; is
the evaporation heat, c,;, the specific heat of liquid sublayer, T, the wall temperature,
T}, the temperature of the liquid entering the sublayer. Then, the equations of unknown
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parameters Ug, &6, Lg, and the liquid subcooling (T; —T;) are established by
introducing further assumptions.

* The length of the vapor blanket Lg is given by the critical wavelength of
Helmbholtz instability of the liquid-vapor interface as can be seen from Eq.(2.27),
where o, py, p;, are the surface tension, the density of saturated vapor, and the
density of saturated liquid, respectively.

* Ug is determined by considering the force balance in the axial direction, which is
a balance determined between the buoyancy force and the drag force.

* The sublayer thickness & is obtained based on the force balance in the radial
direction, between the evaporation force and the lateral force on the vapor blanket.

* Suppposing T, in the local bulk liquid temperature Ty, the liquid subcooling
(T — T) is therefore approximated as a,(T; — T},), where a, is an empirical
constant and is recommended to be 0.35.

Additionally, some other empirical correlations, e.g., the vapor diameter Dg, the drag
force coefficient Cp, the Karman three-layer velocity distribution formulas®, and the
Dittus-Boelter heat transfer correlation, are also included to enclose the system of
equations. In the sublayer dryout model proposed by Lee and Mudawar!’”), three
constant factors are introduced and determined based on experimental results. Finally,
the value of CHF can be obtained through an iterative calculation.

_ pLS[HyL + cp1.(Ts — )]

2.26
1 Ls/Us (2:20)

_ 2mo(py + pL)

(2.27)
pvpLUR

B

(b) Katto model(®

Katto!®! proposed another sublayer dryout criterion, in which the boiling crisis is
presumed to occur when the liquid sublayer is extinguished by evaporation during the
passage time of the vapor blanket, written as Eq.(2.28). The sublayer thickness & is
determined by the empirical model for pool boiling CHF. The calculation of vapor

blanket length Ly is the same to that of Lee and Mudawar’s model!””]

, which is equal
to the critical Helmholtz wavelength (see Eq.(2.27)). The vapor blanket velocity Uy is
obtained by introducing an empirical correction coefficient k to the local velocity of
the homogeneous two-phase flow. As stated, Katto’s model™®/ can only be applied for

conditions where the local void fraction lower than 70%.

_PL5HVL

= 2.28
q Lo/Us (2.28)

(c) Celata model®®

Celata et al.[* developed sublayer dryout model mainly based on Lee and Mudawar’s
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model””! and Katto’s model®*!. The Eq.(2.28) is applied to give the critical heat flux.
The vapor blanket length Lp is also equal to the critical Helmholtz wavelength
calculated by Eq.(2.27). The vapor blanket velocity Uy is derived out by considering
the force balance in the axial direction between the buoyancy force and the drag force,
which is the same as Lee and Mudawar!’”), while with different empirical correlations
for the vapor diameter Dy and the drag force coefficient Cp. However, Celata et al.[*¢]
assumed that the vapor blanket can only develop and exist in the superheated near-wall
region where the local liquid temperature exceeds the saturation temperature. Therefore,
the liquid sublayer thickness § is calculated as the difference between the superheated
liquid layer y* and the vapor diameter Dg. As validated by Liu et al.®’] the Celata

model shows deficiency in the high-pressure condition.
(d) Liu model®”]

The important update of the sublayer dryout model is proposed by Liu et al.®’! They
accepted the Eq.(2.28) as the criterion for the occurrence of the boiling crisis. The
Helmbholtz instability wavelengths both at the interface between the liquid sublayer and
the vapor blanket and the interface between the vapor blanket and the core region are
considered. These two Helmholtz wavelengths are supposed to be equal when boiling
crisis occurs. Under this assumption, the vapor blanket velocity Uy is obtained with
the net vapor generation (NVGQG) model. The liquid sublayer thickness 6 is given with
the axial force balance, i.e. the buoyancy and the drag force. As stated by Liu et al.®",
the calculation of the NVG point has an significant effect on the prediction of CHF. The
model tends to overestimate the critical heat flux as the pressure is above 17.5 MPal®!,

Dryout Model

As mentioned in Section 2.2.2, for the high-quality condition, boiling crisis occurs
when the liquid film in the annular flow is dryout.

Whalley et al.!®®! first proposed an annular flow model to predict the dryout point. Then,
related researches are continued, by Hewitt and Govan!®’, Govan®®, Ahmad Y, etc. A
brief review will be given hereunder. The mass balance of the liquid film can be written
in Eq.(2.29), where Gip is the liquid film mass flux, z the axial position, Dy, the
hydraulic diameter of the tube, D the deposition rate, E the entrainment rate, q the
heat flux, Hy; the evaporation heat. A variety of empirical correlations of the
deposition rate D and the droplet entrainment rate E have been proposed by Hewitt
and Govan'®’l, Kataoka et al.”?!, Okawa et al.”*!, and etc. The term q/Hy;, denotes the
vaporization rate under the assumption that the all supplied heat is used to evaporate
the liquid film. Dryout is assumed to occur when G reduces to zero. Boundary
conditions at the onset of the annular flow are required by the integration of the balance
equations, including the location, the initial liquid film mass flux, and fraction of the
entrained liquid.
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(2.29)

2.2.4. Previous CHF Prediction Methods for High-Pressure Region

Although numerous of CHF prediction methods have been proposed so far, there are
rare of them regarding to the high-pressure region, especially for pressure above the
working range of PWR (15.5 MPa, reduced pressure at 0.7). Table 2.1 summarizes some
CHF prediction methods, of which the validated range covers the range with reduced
pressure (P/P.) at least over 0.8. A detailed description of each prediction methods is
provided in Appendix A. Particularly, in case the utilization of the CHF correlation
requires upstream information, such as inlet subcooling, the distance from the boiling
crisis position to the inlet, the correlation will be referred as Upstream Condition
Correlation (UCC).

Most correlations in Table 2.1 are developed for water with upward flow in uniformly
heated round tubes. Whereas, Kariya correlation®! is for reduced pressure above 0.961
and developed from experiments of three fluids, including R22, R134a, and water.
Vijayarangan®! developed a CHF correlation from their R134a measurements. Shah!®®
correlation includes 23 fluids (water, halocarbon refrigerants, chemicals, liquid metals,
helium and other cryogens).

Chen correlation®l, Becker correlation®l, Lombardi correlation®, Vijayarangan
correlation!®, and Shah correlation!®® require known upstream conditions. Particularly,
although there is a so-called “local condition correlation” of Shah!®®, the distance from
the boiling crisis position to the inlet has to be provided. The Becker correlation!®® and
Lombardi correlation® can only be utilized when the inlet is in subcooled condition.
The Hall correlation™ and Katto’s model™® are for subcooled flow, which implies
the critical quality must be negative.

101]

2

The prediction with these dimensional correlations, such as Levitan correlation!
Chernobai correlation!'?, may bring considerable deviation when be applied to non-
aqueous fluids. As described in Section 2.3.2.2, the 2006 CHF LUT!® is only available
for water. Without scaling, it fails to predict the CHF for non-aqueous fluids.

Kattol'®! developed a phenomenological model based on sublayer dryout mechanism.
It was developed from 647 CHF measurements of subcooled water for pressure range
from 0.1 MPa to 20 MPa
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Table 2.1.: Previous CHF prediction methods for the High-Pressure region

Mass flux, ; t
Model® Reduced Diameter, Crltl'cal Remarks
pressure kg/(m?s) mm quality
B 0.155 400 4.0 -0.5 Dimensionless
Miropol’skii
0.889 10000 8.0 0.8
Lovital10! 0.133 750 4.0 0.0
0.889 5000 16.0 0.5
Chernabaill®? 0.227 400 0.4 -1.75
0.888 30000 37.0 0.7
0.389 1157 8.2 -0.97
Chent®’] ucc
0.943 3776 0.53
cer (%] 0.45 156 10.0 -0.3 UCC,
Becker
0.906 7560 0.6 Subcooled inlet
7 0.004 340 0.25 -1.0 Dimensionless,
Ha
0.906 30000 15.0 0.0 Subcooled
bardil® 0.005 100 03 13.0 Dimensionless,
Lombardi
0.974 9000 37.5 338.0°¢ UCC
0.004 0 8.0 -0.5
2006 CHF LUT!®]
0.952 8000 0.9
K attoliO0 0.004 350 2.5 0.0 Sublayer
0.906 40600 11.07 117.5° dryout model
0.961 400 4.4
Kariyal®14d N/A Dimensionless
0.992 1000
0.24 200 12.7 017
Vijayarangan[®-¢ ucc
0.99 2000 0.94
Shah©6) 0.0014 39 0.315 -2.6 Dimensionless,
ahl96)
0.96 29051 37.5 1.0 ucCc
Notes:

2 Prediction methods without specific statement are developed for water with upflow in uniformly

heated round tubes.

® This column is devoted for the range of the critical quality, in case there is no specific statement.

¢ Inlet subcooled temperature.
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4Tt contains three fluids, i.e., R22, R134a, and water.
¢ It is for R134.
It includes 23 fluids (water, halocarbon refrigerants, chemicals, liquid metals, helium and other

cryogens). Here, the local condition correlation is considered..

2.3. Post-CHF Heat Transfer

2.3.1. General

After the boiling crisis takes place, the post-CHF heat transfer is initiated subsequently.
It is also termed as film boiling heat transfer. As mentioned in Section 2.2, the DNB
type boiling crisis, associated with subcooled and low-quality condition, leads to the
inverted annular flow in the downstream. While for the dryout type boiling crisis related
to higher quality, the dispersed droplet flow is encountered after the dryout of the liquid
film. Since different flow patterns would result in different heat transfer characteristics,
in addition, post-DNB and post-dryout (PDO) are termed and heat transfer of them will
be discussed, respectively.

Post-DNB Heat Transfer

Concerning post-DNB, the heat transfer in the inverted annular flow regime is of
interest. Since the heated wall is covered by continuous vapor blanket and the liquid
core is in the tube center with dispersed vapor bubbles, the following three significant
heat transfer processes are taken into account:

(@) Convective heat transfer from the wall to the vapor blanket;

(b) Radiation heat transfer from the wall to the liquid core; and

(c) Heat transfer from vapor blanket to the liquid core at the vapor-liquid interface.
Post-Dryout (PDO) Heat Transfer

As Figure 2.4 (b) shows, after the disappearance of the annular liquid film, in the post-
dryout regime, the saturated droplets disperse in the vapor bulk. Among the droplets,
the vapor phase and the heating wall, main heat transfer mechanisms are as follows:

(a) Convective heat transfer from the wall to the vapor qc—v;
(b) Convective heat transfer from the wall to the droplets q¢y—q;

(c) Heat transfer from the vapor to the droplets at the vapor-liquid interface q.yv_q;
and

(d) Radiation heat transfer from the wall to vapor qy,_y, from the wall to droplets
qr,w-d» and from vapor to droplet qy_q.

Regarding the portion of the convective heat transfer from the wall to the droplets, it
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can only take place immediately after the dryout point. In this region, the wall
temperature is not too high, and the droplets could provide relatively effective cooling
to the heated wall through direct droplet-wall contact. Accordingly, it is defined as
“unstable PDO region” in this thesis. However, as the development of the droplet flow
along the flow channel, the direct droplet-wall heat transfer will be neglected due to the
higher wall temperature. This region is thereby referred as “stable PDO region”.

As has been demonstrated by Parker’s experiments!!%, under dispersed droplet flow
conditions, the vapor superheat could be considerable. In this region, the vapor absorbs
heat from the heated surface as well as releasing heat to the droplets through the
interfacial heat and mass transfer. The interfacial area and friction depend on droplet
size, droplet concentration, distribution of the droplets, droplet velocity, etc. Thus, for
PDO heat transfer, one challenge is to determine the thermal non-equilibrium or the
vapor superheat in the vapor-droplet system.

2.3.2. Prediction Methods of Post-CHF Heat Transfer

2.3.2.1. Heat Transfer Correlation for Post-CHF Region

Post-DNB Heat Transfer Correlation

To date, the most widely applied prediction methods for inverted annular flow heat
transfer in STH codes (e.g., ATHLET", RELAP5!!%%)) are the Bromley correlation!!%!
and the Berenson correlation! %],

Bromley!'%! derived a prediction correlation by considering the balance of buoyancy
force and viscous force for the vapor blanket,

. 10.25
Agpv(pL — pV)AHVLl (2.30)

h=0.62
[ py(Tw — Ty) Dy,

with,

O4cyv(Tw = TV)r (2.31)

AHy, = Hyp |1+
VL VL [ AHy,
With respect to the Berenson correlation!!?”], the Taylor instability at the interface of
the vapor blanket is introduced to capture the heat transfer characteristic,

0.25
A\sfng(pL - pV)HVLl (232)

h=0425
I py(Tw — Ty)a

where,

25



Fundamentals and Literature Reviews

o 0.5
[—] (2.33)

9(pr. = pv)

In Egs.(2.30)—(2.33), h denotes the heat transfer coefficient, Ay the vapor thermal
conductivety, g the gravitational accelaration, py the vapor density, p; the liquid
density, uy the vapor viscosity, Ty, the wall remperature, Ty the vapor temperature,
Dy, the hydraulic diameter, Hy, the evaporation heat, ¢,y the vapor specific heat, o
the surface tension.

PDO Heat Transfer Correlation

As mentioned in the previous section, it is hard to capture the vapor superheat in the
PDO region. Therefore, a great number of PDO heat transfer correlations using
saturation temperature as vapor temperature has been proposed!’* 19 191 The most

110

common ones are the Modified Dougall-Rohsenow correlation!'!%), the Groeneveld

correlation!''!], and the Condie-Bengston IV correlation!!!?),

110]

Modified Dougall-Rohsenow correlation!!'”) comprises the Dittus-Boelter equation and

a temperature ratio,

My 08p.04 [ 1V oo

h = 0.023 Y Re0 Pyl (—) (2.34)
Dy, Tw

in which the vapor temperature Ty and the wall temperature Ty, are in the unit of

Kelvin.

Groeneveld!''!! derived a correlation from experiments in heated tube and annuli based
on the Y factor utilized by Miropol'skiit'!3],

0.901
Ay |GD
h=0.00327 2| =22 x, + 2 (1 = x,) priszy (2.35)
Dy | uy PL
with,
pL 0.4 -15
y = l1 — 01 (— - 1) (1— xe)“l (2.36)
Pv

Condie-Bengston IV correlation!!!?) is developed from rod bundles experiments,
h = 0.053451% - Prl - ReS - D - (xo + 1)/ (2.37)

with a = 0.4593, b = 2.2598, ¢ = 0.6249 + 0.2043In (x, + 1), d = —0.8095,
f=-2.0514.

In Eqs.(2.34)—(2.37), Rey = GDy/uy denotes the Reynolds number. Pry = pyc,y/Ay
and Pry, = Uy Cpw/Aw are devoted for the Prandtl number with vapor properties at
saturation temperature and wall temperature, respectively. h is the heat transfer
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coefficient. Ay, py, ¢py, and py are the thermal conductivity, the dynamic viscosity,
the specific heat, and the density of saturated vapor, respectively. Properties subscripted
with ‘w’ are evaluated at wall temperature. p;, is for the saturated liquid density, x,
for the equilibrium quality.

There are also correlations with a calculated actual vapor temperature. Referring to
review work by Yul''"*, the most widely discussed correlations are from Groeneveld et
al.l''>1(GRO), Chen et al.l''¢1 (CSO), and Varone and Rohsenow!!!” (LCS). For the LCS
model, the droplet diameter and the quality at the dryout point are required and
empirical correlations for these parameters are therefore supposed to be introduced,
which makes the LCS model dependent on dryout parameters and more complicated.
Therefore, hereunder, GRO and CSO model will be introduced.

(a) Groeneveld et al.'"*! (GRO) correlation

According to the research of Groeneveld et al.l''*l) the axial variation of the wall
temperature, vapor temperature, and the actual quality x, is illustrated in Figure 2.7.
It is assumed that at the dryout point (xpg) the vapor phase is in saturation temperature
and the quality of the vapor-droplet system equals to the equilibrium quality x,, while
in the downstream the vapor becomes superheated and x, is lower than x,.

Temperature

Figure 2.7.: Schematic of temperature and quality in the PDO region!!!”]

Groeneveld’s PDO heat transfer correlation!''”! is proposed from 1402 PDO

experimental data points for water over a range of pressure 0.69-21.5 MPa, mass flux
130-5200 kg/(m?-s), heat flux 30-2100 kW/m?, tube diameter 2.54—12.8 mm, and

quality -0.12-3.09. The calcualted actucal vapor enthalpy Hy, is expressed by an
empirical correlation as,
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HV,a - HV,e

= exp (—tan Y)exp [—(3a)™*] (2.38)
Hyy,

Here, Hy e the equilibrium vapor enthalpy, Hyy, the evaporation heat. 1 is the non-
equlibrium parameter (0 <y < m/2), evaluated by,

—0.09232

0.20006
P = 0.13864Pr2031 (—Gthm) (thC”'V)
Hya AvHy, (2.39)

- (1.3072 — 1.0833x, + 0.8455x2)

where, Pry denotes the Prandtl number at equlibrium temperature, G the mass flux,
Dy, the tube diameter, q the heat flux, x, the equilibrium quality. uy, ¢, v, and Ay are
devoted for the dynamic viscosity, the specific heat, and the thermal conductivity of
vapor at equilibruim temperature, respectively. x,, is devoted for the mass quality,
computed by,

Xm =0,%x. <0
Xm = Xe, 0 < xe <1 (2.40)
Xm=1,x.>1

a is the void fraction, defined by,

Xm

a =
X + Pv (1—2xy) (2.41)
PL

where, py and p;, stand for saturated vapor density and saturated liquid density,
respectively.

Accordingly, deriving from the heat balance, the actual quality x, is given by,

HVL

Xy ="
2 HV,a_HL

Xe (2.42)
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Consequently, as suggested, the Hadaller correlation!!'! is applied to calculate the heat

transfer coefficient with the calculated actual quality x,,

0.8774

As [GD
h = 0.008348 — [—h (xa + 21— xa))] prp6112 (2.43)
Dy L g PL

In Eq.(2.43), h is the heat trasnfer coefficient. A¢, ys, and Pry denote the thermal
conductively, the dynamic viscosity, and the Prandtl number at the vapor film
tempearture Tr = (T, + T5) /2, respectively.

(b) Chen et al.l''® (CSO) correlation

The quality ratio x,/x. is expressed as a function of the dimensionless tempearuete
and the reduced pressure,
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Xa TVa - Ts

—=1-B(P) —F— 2.44

Xe Tw - TV,a ( )
where x, is for the actual quality, x, for the equilibrium quality, Ty , for the actual
vapor temperature, T for the saturation temperature, T, for the wall temperature with
Ty <Tya <Ty and 0 < x,/x. < 1. B(P) isanemperical correlation,

0.26
1.15 — (P/P,)065

B(P) = (2.45)

here P and P. are the system pressure and the critical pressure, respectively.

By solving the heat balance correlation Eq.(2.42) and the Eq.(2.44), the Ty, is
obtained. Then, the heat transfer coefficient h will be given by modified Colburn
modification of Reynolds analogy, with an appropriate two-phase friction factor f.

h= Gxacp’fPrf_zmg (2.46)

Concerning the friction factor f, the Beattie’s implicit friction correlation, which is
developed for the dispersed droplet flow, is recommend,

-0.17
£ =0037 [GDh (xa + Z—V 1- xa)ﬂ (2.47)
L

Au'V,a

with G the mass flux, Dy, the tube diameter. ¢,¢ and Pry denote the specific heat and
the Prandtl number at the vapor film tempearture T; = (T, + Ts)/2, respectively. py
and p; are devoted for the saturated vapor density and saturated liquid density.

The CSO model is derivated from 2854 data points of water experriemtns at the range
of pressure 0.4-19.5 MPa, mass flux 16.5-3031.8 kg/(m*:s), heat flux 33.7-1651.7
kW/m?, and quality 0.502—1.728. Particularly, it has to be noted that the CSO model is
invalid for reduced pressure lower than 0.883, corresponding to 19.5 MPa for water,
since it may produce an unreasonable Ty ,.

As seen, these correlations with calucalated actual vapor temperature are usually more
complicated, whereas still emperical corrlations.

2.3.2.2.Post-CHF Heat Transfer Look-up Table

The latest Post-CHF LUT proposed by Groeneveld et al.''®! in 2003 (2003 Post-CHF
LUT) on the basic of the PDO-LW-96 look-up table!!!"), is developed from 20785
experimental data points for water flow in uniformly heated vertical tubes. The heat
transfer coefficient h.jyr is given as a function of the pressure P, mass flux G, quality
Xe, and the wall superheat AT,, = T, — Ts. The 2003 Post-CHF LUT could be applied
to calculate the heat transfer coefficient of both the inverted annular region and the
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dispersed droplet flow region. As mentioned, it contains both the post-DNB and PDO
heat transfer measurements. The table skeleton covers the pressure range 0.1-20 MPa,
mass flux 0-7000 kg/ (m?s), quality -0.2-2.0, and wall superheat 501200 °C. Since
the 2003 Post-CHF LUT is normalized to tube diameter at 8 mm, the predicted heat
transfer coefficient h. will be given by,

Dh -0.2

he = hovur (o.oos) (249)
Additionally, the same to SC LUT and CHF LUT, it is incapable of giving prediction
for non-aqueous coolant without reasonable scaling approaches.

2.3.2.3.Phenomenological Model for Post-CHF Heat Transfer

Phenomenological Model for Post-DNB Heat Transfer

Some thermal hydraulic models using two-fluid model have been proposed to simulate
the inverted annular flow heat transfer, e.g., Cachard'?®] Seok and Chang!'?!,
Hammouda et al.l'??! Nakla!l'?’!, Liul'?#l. These theoretical models, generally, contain
the following relations,

* Mass, momentum, and energy conservation equations for the liquid core and vapor
blanket;

* Constitutive equations, normally including wall heat transfer, interfacial heat
transfer, wall friction, interfacial friction, etc.; and

* Initial and boundary conditions, such as the temperature and mass flow rate of the
liquid core and vapor at the DNB point.

These models usually have the same conservation equations but different combination
of constitutive equations. Owing to deficiency in knowledge about the vapor blanket
thickness, velocity distribution, etc., these models are normally based on simplifying
assumptions and empirical correlations. Thereby, a lot of adjustable parameters are

introduced. As demonstrated by Hammouda et al.[!??]

, predictive capability of semi-
empirical theoretical models are often worse than empirical correlations, since
constitutive equations with empirical parameters are valid only for a limited range of

flow conditions.
Phenomenological Model for Post-Dryout Heat Transfer

PDO heat transfer models are based on two-fluid models as well. Guo and Mishima!!?’!
considered six possible heat transfer processes among the heated wall, vapor, and
droplets in detail, i.e., cw-v, Gew—d> 9ev-d> rw-v> drw-d> and qry_q. Related
parameters are assumed as a function of the axial position. The interfacial vapor-droplet
heat transfer is calculated by the Lee-Ryley correlation!'?%],

Nucy_q = 2 4 0.74Re3° Prd-333 (2.49)
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Where, Req = (Uy — Ug)pyDg/uy is the droplet Reynolds number, with Uy the
vapor phase velocity, Uy the droplet velocity, py the saturated vapor density, Dy the
droplet diameter, puy the saturated vapor viscosity. As stated, the phenomenological

125]

model from Guo and Mishimal!!>®! was successfully applied to predict the wall

temperature and vapor superheat for the pressure range of 0.2—-0.6 MPa.

Saha'?”! proposed a one-dimensional heat transfer model for the PDO regime by
solving the mixture energy equation with the mass rate correlation of vapor generation.
In Saha’s simulation, the direct wall-droplet heat transfer q.,,—q and radiation heat
transfer are neglected. The effectiveness of vapor-droplet heat trasnfer is correlated by,

P\2[/Gx\% D, 177
K, = 6300 (1 ——) l( a) Zh (2.50)
P. a / pyo

with P for system pressure, P. for critical pressure, G for mass flux, x, for the
calculated quality, a for the void fraction, D) for tube diameter, py for saturated
vapor density, and o for surface tension, respectively. Accordingly, mass rate of vapor
generation could be computed as,

Ay(1 —a)(Ty — Ts)

Iy =K
Y ' DiHyy,

(2.51)

here Ty and Ty denote vapor temperature and saturation temperature, respectively.
Ay 1s the thermal conductivity of vapor. Hyj, is the evaporation heat. It has been
demonstrated by Saha!'?”! that the validity of his PDO heat tranfer model covers the
pressure range from 2.9 MPa to 12 MPa.

Recently, Cheng et al.l'?!! developed a mechanistic prediction model for PDO heat
transfer, with considertation of three convective heat trasnfer, 1.e., qcw-v, Gcw-d-
qcv-d- The mass flux of droplets evaporated in the heated wall is associated to a normal
distribution function of the wall temperature and the Leidenfrost temperature. It is
indicated that the prediction results get well agreement with the PDO heat transfer
experiment of Becker!!?],

2.3.3. Previous Post-CHF Heat Transfer Prediction Methods for
High-Pressure Region

As reviewed by Hammouda!'*%!, Nakla et al.'3!l, Groeneveld!'*?!, and etc., due to the
high CHF value, the large temperature rise in the inverted annular regime would lead
to the burnout of the heated surface easily. Thereby, it is nearly impossible to perform
related heat transfer experiments with a heat-flux controlled water-steam system. The
invention of the “hot-patch” technique makes it feasible to obtain inverted annular flow
heat transfer measurements. However, as a result of the complicated experiment design,
the range of available experiments is very limited so far''3. Hence, research about post-
DNB heat transfer in inverted annular flow regime is not as common as PDO. As a
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result, research in this region has focused more on avoiding the occurrence of boiling
crisis. As reviewed by Nakla et al.l'*!l and Liu et al.l'3%] existing measurement with
water for inverted annular heat transfer is only up to 9 MPa (reduced pressure at 0.4),
from experiment performed by Stewart and Groeneveld''*#!. Even though taking scaling
fluids (e.g. R12, R134a) into consideration, the maximum pressure is 2.39 MPa with
R134a (13 MPa for water at the same reduced pressure 0.59) from experiment carried
out by Naklal"*!l. Due to short of experiments, a prediction approach for the high-
pressure post-DNB heat transfer is missing. Thereby, further discussion about post-
DNB heat transfer in the high-pressure region could not be carried out.

Concerning post-dryout heat transfer, some prediction approaches with reduced
pressure above 0.8 for water in uniformly heated tubes are collected and summarized
in Table 2.2. Except prediction methods mentioned above, details of these correlations
can be found in the Appendix D. As seen, the valid pressure of the Miropol’skii
correlation!''*! is the highest, up to 22 MPa. In the following sections, the predictive
capability of these post-dryout heat transfer approaches will be assessed.

Table 2.2.: Previous PDO heat transfer prediction methods for the High-Pressure

region
Model Pressure, Mass flux, Diameter, Critical
MPa kg/(m?-s) mm quality
2003 Post-CHF 0.1 0 0.8 0.2
LUTME! 20 7000 0.8 2.0
4 700 4.0 0.4
Mi K k"[ll3]
fropot skil 22 2000 8.0 1.0
6.8 1050 13.4 0.0
[135]
Slaughterbeck 20 5300 17.0 1.0
34 700 15 0.1
G ld[lll]
roeneve 215 5300 25.0 0.9
q - 20.68 949 4 10.4 0.080
wenson
20.68 1356.2 10.4 0.980

2.4. Summary

In this chapter, heat transfer characteristics at supercritical and subcritical pressures are
discussed.

* Heat transfer at supercritical condition

Supercritical fluids are single-phase. However, drastic property variation near the
pseudo-critical region may lead to different heat transfer characteristics compared to
conventional conditions. Especially, at supercritical pressures, the heat transfer
deterioration (HTD) phenomenon has to be considered. As concluded, it fails to
compute the heat transfer coefficient with a phenomenological model so far. The SC
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LUTs is limited within the range of the table skeleton and can only be applied for water
without scaling. According to recent literatures, the Cheng correlation, i.e., Eq.(2.15),
which is a dimensionless one derived from a large databank and covers also HTD
conditions, is recommended.

* C(ritical heat flux and post-CHF heat transfer

The mechanism about DNB and dryout is introduced, respectively. For subcooled or
low-quality conditions, the sublayer dryout model is commonly applied to explain the
DNB. While for high-quality conditions, dryout occurs as the liquid film of the annular
flow disappears. After that, post-CHF heat transfer region is encountered. Numerous of
prediction methods for CHF and post-CHF heat transfer have been established for
various working conditions, including correlations, look-up tables, and
phenomenological models. Prediction methods with reduced pressure over 0.8 are
collected from open literatures. It is found that only a few of existing prediction
methods are suitable for the high-pressure region. It is noted that for post-DNB heat
transfer, previous experiments with water as coolant covers reduced pressure up to 0.4.
Although considering non-aqueous fluids, the maximum reduced pressure is 0.59 for
experiments with R134a. Hence, to date, post-DNB heat transfer experiments with
reduced pressure above 0.7 do not exist. The present work therefore will pay attention
to CHF and post-dryout heat transfer.

In the following chapters, new experiment databank for the high-pressure region will
be established, for CHF and post-CHF heat transfer, respectively. Predictive capability
of these previous prediction methods will be examined. If necessary, new prediction
models will be developed. In the end, the most suitable prediction method for the high-
pressure region will be determined.
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3. Modelling of Critical Heat Flux

This chapter will discuss the modelling of critical heat flux. A high-pressure CHF
experiment databank with reduced pressure above 0.7 is compiled and established
firstly. Thereby, existing CHF prediction models could get assessed on the basic of
high-pressure CHF experiments.

3.1. CHF Databank

CHEF test data from different experiments with upward flow in uniformly heated circular
tubes is collected from open literatures and experiments carried out in the Institute for
Applied Thermofluidics (IATF)!'3”). Currently, experiments with water, R12, or CO: as
coolant are obtained. For each data points, it contains the information of system
pressure P, mass flux G, tube diameter Dy, critical quality x. (equilibrium quality at
the CHF location), critical heat flux q., inlet quality x;,, and the distance from the start
of heated section to the boiling crisis point L.. Among them, P, G, Dy, x., and q. are
always available, while x;, or L. might be missing. Further, to guarantee the
reliability of the databank, assessment work is carried out, including heat balance
verification, duplication screening, and reproducibility check. Detail about the
reliability check and parameter distribution of the new CHF databank will be described
in the following.

3.1.1.1. Heat Balance Verification

Concerning CHF experiments, the test is usually carried out with fixed inlet subcooling,
while the supplied power is increased step by step until boiling crisis occurs. For every
recorded data point, heat balance verification would be carried out by calculating the
enthalpy rise based on Eq.(3.1), in which x;, denotes the inlet quality, q. the heat flux,
L. the distance between the start of the heated section and the location of the boiling
crisis, G the mass flux, Dy the tube diameter, and Hy; the evaporation heat. In
Eq.(3.1), the LHS denotes the enthalpy rise given by the data bank, while the RHS is
the calculated enthalpy rise. When x;, or L. in Eq.(3.1) is unknown, it fails to evaluate
the heat balance and such data points will be accepted directly. In case the deviation of
the given value and the calculated value of the enthalpy rise exceeds 10%, it implies
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that the recorded data point cannot satisfy the heat balance check and it will be removed
from the data bank. In the end, 2734 data points are reserved.

4q.L.
GDy,

(3.1)

(xc — Xin) * Hyp, =

3.1.1.2. Duplication Screening

Since the experimental data points are collected from different literatures and the same
experimental results might be reported repeatedly, the duplication problem could not
be avoided. Thereby, the criterion given by Eq.(3.2) is applied to discard duplicated
data points. Compared to the reference data point i(P;, G;, Dy, X4, qc;), if there is
another data point j(P;, Gj, Dy, j, X, j, qc,j), which has the same working fluids but from
different data sources to the point i, fulfills all the five inequations in Eq.(3.2), the
tested data point j will be identified as a redundant record and will be removed. After
duplication check, 45 data points are screened out.

(|P; — P;| < 0.01 bar

|G; — Gj| < 0.01kg/(m?-s)

|Dy; — Dy j| < 0.01 mm (3.2)
|xc‘i - xC,]'l < 0.01

(|qei — qc;| < 0.01 kW/m?

A

3.1.1.3.Reproducibility Check

Due to unstable flow conditions (mass flux or system pressure fluctuation), the entrance
effect, or other experiment uncertainties, there may exist deviation among different test
records!®?). Thereby, it is necessary to assess the reproducibility of each data point and
exclude unreliable data points.

Firstly, adjacent data points for each data point are identified. The distance r;; between
the reference data point i ( P;, Gy, Dy, %ci,qc; ) and the tested data point
].(P], G], Dh,j' .'X'C'j, CIC,j) is defined by,

2 _ 2 2 2 2
1 = APj + AGj; + ADyy; + Axgyy (3.3)
_|Pi—P; _|6i=G; _ |Pni=Dn,j — |*oim¥cj
where, the AP;; = | > |, AGi; = |_Gi |a ADy;j = = I and Ax;; = xe: |

Referring to the uncertainty analysis of CHF experiments by Cheng et al.l'*®], the
relative deviation of CHF experiment is around 7%. Thereby, the threshold of the
distance 1;; is assigned the value 0.1, which implies that the tested data point j with
1;; lower than 0.1 will be regarded as an adjacent point to the reference point i.

Consequently, each data point would have k& (k>0) different adjacent points. In case
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there is no adjacent point to the reference point i, when £ is equal to zero, it will be
accepted directly, and the following steps will be skipped. In this step, 1880 data points
have at least one adjacent points.

Secondly, the critical heat flux of the tested point is normalized to the reference point.
For the adjacent data point group to the reference point, suppose that the distribution of
parameters (pressure, mass flux, tube diameter, and critical quality) follows the normal
distribution. Accordingly, weighting factors are introduced for each variable of the
adjacent data point. Taking the weighting factor wjp of pressure as an example, the
w; p 1s defined by Eq.(3.4), supposing the mean value of the normal distribution is equal
to the pressure of the reference point P;, and the standard deviation op, is 0.1 P;.
Likewise, the weighting factors of mass flux, tube diameter, and the critical quality can
be calculated and referred as w; ¢, wjp,, and w; . , respectively. Hence, the integral
weighting factor w; of the tested point j would be calculated by Eq.(3.5). Then, the
weighted mean value g.; and the weighted deviation o/ of the critical heat flux are
given by Eq.(3.6) and Eq.(3.7), which considered each tested data point in the adjacent
group.

2
J.P \/72 p 202 (3.4)
2mop, i

Wj = Wj}p ' Wj,G - W]"Dh ' Wj,xc (35)
k+1
_ ]:1 W]qC,]
qc,i = k (36)
j=1Yj
k+1 Y
2 j=1 Wj (CIc,j - qc,i) 3.7
o = k+1 3.7)
j=1 Wj

Finally, Chauvenet's statistical criterion!'**! is implemented to identify unreliable data
points. The Eq.(3.8) is utilized to calculate the standardized deviation T between the
weighted mean critical heat flux g.; and the reference data point g ;. Then, compare
the standardized deviation 7 with the corresponding T(k + 1) in the table of

(1391 (see Appendix B). If the standardized deviation 7 is above

Chauvenet’s criterion
T(k + 1), it implies that the deviation of the adjacent data group for the reference point
i is not acceptable and the reference point i will thereby be discarded, otherwise the
reference point i will be accepted. 37 data points that cannot satisfy this criterion are

removed.

CIc,i —qc,i
0;

(3.8)
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3.1.1.4. Distribution of High-Pressure Water CHF Databank

Table 3.1 summarized the ranges of parameters for the high-pressure CHF databank
with water as coolant. It contains 1484 data points in total. The pressure could reach up
to 21.5 MPa, corresponding reduced pressure P, up to 0.97. The mass flux ranges from
156 to 6907 kg/(m?-s), tube diameter from 1.9 to 24.7 mm, the quality from -1.768 to
0.955. Additionally, Appendix C provides the detailed information about each data
source and variable range for every data source.

Table 3.1.: Experimental data of CHF with high-pressure water

P P, G Dy, Xc qc

Parameters [MPa] [-] [kg/m?s)] [m] [[] [kW/m?]

min 155 0.7 156 0.0019 -1.768 135
max 215 097 6907 0.0247 0.955 7770
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Figure 3.1.: Distribution of CHF data points

The data coverage on mass flux, tube diameter, and critical quality versus pressure are
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shown in Figure 3.1. In general, they are evenly distributed versus pressure.

3.2. Assessment of Previous CHF Prediction Method

To assess the capability of CHF prediction models, the calculated results are compared
with the experimental data collected in the current high-pressure water CHF databank
(as described in Table 3.1). For each data point, the error parameter is defined by,

— qc,cal(i) - qc,m(i)
qem (D)

i (3.9)

where qccq1(8) is the value of critical heat flux calculated by correlations and gy, (i)
is the measured value. Moreover, the mean value (ME), standard deviation (SD), and
root-mean-square value (RMS) of the error parameter are calculated by Eq.(3.10),
Eq.(3.11), and Eq.(3.12), respectively, where N denotes the number of CHF data points.

ME =S¥, & (3.10)

SD = \/%Z’Ll(ei — ME)? (3.11)

1
RMS = /ﬁz?’zlel? (3.12)

Table 3.2.: Predictive capability of previous correlations for the high-pressure water

CHF databank

Model . "% e sp RMs
data used

Miropol’skiit!%! 1484 -0.233 0.453 0.510
Levitan!'?!l 1484 0.548 3.178 3.223
Chernobail'%% 1484 0.958 1.835 2.069
Chenl®”] 1254 -0.380 0.595 0.706
Becker®®! 1188 -0.952 0.019 0.953
Halll”’! 414 0.133 0.403 0.424
Lombardi®! 1188 -0.125 0.872 0.881
2006 CHF LUT®3! 1387 0.116 0.524 0.537
Katto!!%0 414 0.225 0.864 0.891
Kariyal®¥ 1484 0.148 0.949 0.960
Vijayarangan[®! 1316 -0.593 0.527 0.793
Shahl®] 1316 1.181 1.640 2.020

Accordingly, Table 3.2 exhibits the prediction accuracy of different correlations against
the water CHF database. Levitan correlation!'°!l, Chernobai correlation!'’?), Becker
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correlation®®!, Vijayarangan correlation'®), and Shah correlation!®® give the mean error
exceeding + 50%. Although the Hall correlation” and Katto’s sublayer dryout
model"%! can only be applied for 414 subcooled measurements, the RMS error of them
is still up to 42.4% and 89.1%, respectively. Specifically, the 2006 CHF LUT!**!, which
covers a relative wide range than other correlations, achieves mean error of 11.6% and
RMS error of 53.7%. In addition, it fails to calculate cases beyond the scope of the 2006
CHF LUT®!

As can be seen, the calculation accuracy of existing prediction methods is insufficient
when compared to high-pressure CHF test data. Hence, it requires a new CHF model
for the high-pressure region.

3.3. Development of CHF model

As mentioned, it is desirable to develop a new CHF prediction method for the high-
pressure conditions with reduced pressure over 0.7. As the new correlation will be
implemented to safety analysis code for power cycle systems, it is expected to be,

e Dimensionless correlation

A physical equation is supposed to be dimension homogeneity, i.e., the combination of
variables in both sides of the equation should have consistent dimensions. Otherwise,
it does not reflect the physics. Only the dimensionless correlations are considered
suitable for various working fluids.

e Local-condition-based correlation

A local-condition-based correlation is not dependent on the upstream history. Hence, it
is more convenient to be applied!.

* Easily implemented to STH code

To meet the research objective of the present work, the new CHF model will be
implemented to STH code.

3.3.1. Identification of Dimensionless Parameter

As discussed in Section 2.2, the boiling crisis mechanisms depend on the upstream flow
regimes. The DNB type boiling crisis occurs under subcooled or low-quality condition
with the upstream in inverted annular flow, while dryout occurs in higher quality where
the upstream is annular flow. Thereby, the work to identify key dimensionless
parameters is carried out for DNB and dryout, respectively.

3.3.1.1.DNB

As can be seen from Figure 2.5, the boiling crisis occurs when the liquid sublayer is
dryout. In this section, significant equations in the sublayer dryout model are re-
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organized to identify the key dimensionless parameters.

For the heat balance equation, Katto’s assumption'®! is accepted. CHF is equal to the
minimum heat flux in which the liquid sublayer could be extinguished by evaporation
during the passage time of the liquid blanket. Therefore, the heat balance equation can
be written as,

__ pLOHyyL

= 3.13

in which the CHF is a function of the saturated liquid density p;, the liquid sublayer
thickness &, the evaporation heat Hy;, the vapor blanket length Lg, and the vapor
blanket velocity Ug. Derivation of these unknown parameters is discussed hereunder.

Concerning the force balance of the vapor blanket in the axial direction, it is determined
between the drag force and buoyancy force,
2 2

1 mtD ntD
E.DLCD(UB — Ugp)? TB = g(pL — pv) TBLB (3.14)

where Cp stands for the drag force coefficient, Ugy, for the liquid velocity at the vapor
blanket centreline, Dg for the vapor blanket diameter, g for the gravitational
acceleration, and py for the saturated vapor density.

Besides, the drag force coefficient can be given by Chan and Prince model!'4)],
proposed for pressure above 1 MPa, expressed as,

48uy,
CD =
pLDg(Ug — Ugy)

in which y;, denotes the liquid viscosity.

(3.15)

In addition, the bubble diameter is postulated to be proportional to the dimensional
diameter proposed by Fritz!!4!],

o

Dpoc |— 2
B gl — pv)

(3.16)

It is assumed that the vapor blanket length Ly is equal to the critical wavelength of the
Helmholtz instability of the liquid-vapor interface,

_ 2mo(py + pL)

(3.17)
PVPLUé

B

where o is the surface tension.

Dimensionless velocity and length are introduced and expressed as,
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. . . U
1 locity: U* =
dimensionless velocity . (3.18)
dimensionless length: L* = L (3.19)
Dp

Thereby, by substituting variables with dimensionless velocity (see Eq.(3.18), where G
denotes the mass flux, py for the saturated vapor density) and dimensionless length
(see Eq.(3.19), in which Dy, stands for the tube diameter), Egs.(3.13)—(3.17) would be
converted to a set of dimensionless formulas,

((4c _pL 8'Us
GHy, pv Lg

1 R . Dngpi pv
ECD'(UB_UBL)ZZLB' G2 '(1_E)
o st — o (14 PY). PV
) LB UB =21 (1 + pL> GzDh (320)
48 Pv Ho

Cp

 Ds(Us —Ugy) pu GDy

D: DB o
= — - —
\ SN D¢g(pL, — pv)

Regarding the vapor blanket, the boiling number Bo = q./GHyy,, the density ratio
T, = py/pr, the Froude number Fry = G?/(Dpgp?d), the Weber number Wey =
G2D,,/(opy), the Reynolds number with liquid properties Re;, = GDy, /1y, and the

dimensionless diameter mp = \/0/ [DZg(pL — pv)] are accountable dimensionless

parameters. Additionally, since the Froude number Fry could be expressed as a
function of Wey, m,, and mp, Fry is excluded and will not be considered in the new
model.

Further, in the view of the liquid sublayer, Ug; and § are related to the near-wall
velocity distribution and near-wall temperature distribution. Suppose that the
superheated layer y* is equal to the distance from the centerline of the vapor blanket
to the wall, so that,

y* =68+ Dg/2 (3.21)

Supposing y* could be calculated with the three-layer near wall temperature
1421 the liquid sublayer thickness could be obtained from Eq.(3.21).
Accordingly, Ug;, could be obtained by using the three-layer near wall velocity

distribution!

distribution'®¥. Thereby, it can be concluded from three-layer near wall velocity and
temperature distribution, that the Reynolds number Re; = GDy/u; , the Prandtl
number Pry, = pj.c, /AL is the most significant to the calculation of the Ugy, and §**
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142]

Moreover, for two-phase flow boiling, the quality at the critical point x. is usually a
crucial parameter. In summary, for DNB type boiling crisis, dimensionless parameters
in the Eq.(3.22) should be considered in the new model.

Bo = f(Wey, Rey, Pry, Ttp, Ty, X) (3.22)

3.3.1.2.Dryout

As Figure 2.4(b) shows, the dryout of the liquid film in annular flow leads to the dryout
type boiling crisis. As the liquid film thickness at the dryout point is thin, the effect of
entrainment could be neglected. Assume that evaporation rate equals to deposition rate
at the dryout point. Supposing the supplied heat is used to evaporate the liquid film, the
heat balance is thereby written as,

qc = pvUgvHyy (3.23)

where q. denotes the critical heat flux, py saturated vapor density, Ugy the vapor
velocity induced by the vaporization of the liquid film, Hy;, the evaporation heat.

At the dryout point, suppose the work done by evaporation force equals the droplet
turbulent kinetic energy supporting it to reach the walll*?], Then, it can be expressed

by,

1 nD3 1 T
SpovUey — =S = Edeg 'ng (3.24)

where Dqy is devoted for the droplet diameter, S for the working distance of the
evaporation force, pq for the density of the droplet, Uy for the droplet turbulent
velocity corresponding to the droplet kinetic energy supporting it to reach the wall. S

is assumed to be proportional to the tube diameter D;,!'?®!.

In addition, U4 can be given by correlation for the average velocity fluctuation of the
droplets. Here, the correlation of Cousins et al.'**! is applied for it,

-0.26
GDy,(1—x 026 /1 —x G
Uy = 0.022 lMl . (@) . ( C) il (3.25)
Hd Hy 1-ac/ pa

in which Dy, stands for the tube diameter, x. for the critical quality, pgq for the
viscosity of the droplet, uy for the vapor viscosity, a. for the void fraction, G for the
mass flux, and pg for the droplet density.

Further, the droplet diameter Dy can be given by the correlation of Kataoka et al.l'44],

o (pvUsyDn\? (pv _% v\ /3
Dy = 001 (2o (B4 2 () (3.26)
pvUsy Hy Pd Hd
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where the Ugy = x.G/py is the superficial vapor velocity, o the surface tension. py
and py are devoted for the vapor density and the droplet density, respectively. uy and
Uq represent the vapor viscosity and droplet viscosity, respectively. Dy, stands for the
tube diameter.

Substituting Eqs.(3.24)—(3.26) to Eq.(3.23), the critical heat flux q. would be
expressed by a complicated correlation without unknown parameters. Further,
supposing the droplet and vapor are in equilibrium and the temperature of vapor and
droplet are therefore at saturation temperature, it could be simplified to the following
combination of dimensionless parameters,

Bo = f(Rey, Wey, m,, Ty, x) (3.27)

where, the boiling number is denoted by Bo = q./GHyy, the Reynolds number with
vapor properties Rey = GDy/uy , the Weber number Wey = G2Dy/(opy) , the
viscosity ratio 1, = py/uy, , the density ratio m, = py/py, and the critical quality x.

3.3.2. Derivation of CHF Model

As discussed above, key dimensionless parameters are identified, and a high-pressure
CHF databank is established. Accordingly, this section will focus on the development
of the new CHF model using these dimensionless parameters. In the present work,
experimental results for water in the current high-pressure CHF databank, as listed in
Table 3.1, is utilized to establish a new CHF correlation.

Although the mechanisms of DNB and dryout are different, as Eq.(3.22) and Eq.(3.27)
demonstrated, key dimensionless parameters are similar. Furthermore, since reliable
distinguish criteria between DNB and dryout is still unavailable so far, these
dimensionless parameters will be considered together as,

Bo = f(WeVJ ReV: PrL; T[p,: T[p; Tp, xc) (328)

Consequently, by establishing connection between the Boiling number Bo and
dimensionless parameters in the RHS of Eq.(3.28), a prediction correlation of CHF will
be obtained. To do this, the key issue is to identify the most significant ones from these
dimensionless parameters.

The group-wise statistic method proposed by Cheng et al.[®?!, which has been applied
successfully to develop prediction correlations of heat transfer to supercritical fluids, is
used to select the most significant dimensionless parameters. It is demonstrated that the
group-wise statistic approach could provide consistent results compared to other global
sensitivity statistic method, e.g., Spearman’s rank correlation coefficient. Additionally,
the group-wise statistic could give the variation tendency in the meanwhilel®%,
Therefore, the derivation of the new CHF correlation with the group-wise statistic
method will be utilized in the present work and introduced in the following.

For each dimensionless parameter in the RHS of Eq.(3.28), the data points are sorted
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according to the value of the selected dimensionless parameter. Then, the data points
are divided into groups in sequence, with 100 data points in one group. For each group,

the mean value p and standard deviation o of the selected dimensionless parameter
and the Boiling number are calculated, respectively. In addition, the measured Boiling
number Bo,, is calculated by,

BOm = qC/GHVL (329)

in which q. and G are the heat flux and mass flux recorded in the CHF databank,
respectively, Hyy, is the evaporation heat. Consequently, the variation of the Bo,, with
the selected dimensionless parameter can be seen in Figure 3.2, with the mean value u
and the distribution range (4 — o, 1 + o).

o u ° u
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%
(@) Weber number Wey (b) Reynolds number Rey
3 3
4 x10 x10
3 L
s 2f
5F
1 L
0 .
-1 : - : : -1 . : '
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PrL 7r“
(¢) Prandtl number Pry, (d) Viscosity ratio 7,
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Figure 3.2.: Variation of Boiling number with dimensionless parameters

As illustrated, the value of the Boiling number keeps nearly constant with the variation
of the Prandtl number Pry, the viscosity ratio 7, the density ratio 7,, and the
dimensionless diameter . Thereby, the variation of Boiling number is not sensitive
to Pry, m,, m,, and mp, and these four dimensionless parameters will not be

considered in the new model.

While the tendency of the Boiling number with the change of other dimensionless
parameters is apparent, it implies that Wey, Rey, and x. are significant parameters.
Hence, Eq.(3.28) could be simplified to,

Bo = f(Wey, Rey, x;) (3.30)

Observing the variation tendency, as Figure 3.2(a) shows, the Boiling number decreases
with the increase of Weber number Wey nearly monotonously. However, the tendency
along Rey and x. are not monotonous. Therefore, it will be easier to establish a
formula to describe the relationship between the Boiling number and the Weber number
firstly.

Accordingly, the following equation is proposed to capture the effect of the Weber
number,
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Bog, = f(Wey) = max (44, 45) (3.31)
with,

Ay = 7.796 x 1072 - Wey 43° (3.32)

Ay, = 1.530 X 1073 - We,, 00803 (3.33)

In Figure 3.2(a), the Eq.(3.31) is plotted in a dash curve. As can be seen, the predicted
line fits well with the mean value of data groups. Further, to assess the predictive
capability of Bo,,, the variation of the Boiling number ratio (Bo.,/Boy,) is analyzed.
As illustrated, the mean value of data groups in Figure 3.3(a) and Figure 3.3(b) tends
to equal to unity. Thereby, it implies that the Boiling number ratio (Bo¢;/Boy,) is not
sensitive to Wey, and Rey. While as shown in Figure 3.3(c), the Boiling number ratio
still increases apparently along the critical quality. Therefore, a function with x. is
proposed to modify Bo.q,

f(xc) = (Bl + BZ + B3) - maX(Bl, Bz, B3) - min(Bl, Bz, B3) (3.34)

where,
B, = 2.156- (1 — x.)0-688 (3.35)
B, = 1.841- (1 — x)*%7 (3.36)
B; = 0.672- (1 —x.)%21° (3.37)
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(c) Ceritical quality x,

Figure 3.3.: Variation of Boiling number ratio lgom

- with dimensionless parameters
The function f(x.) is the middle value of B;, B,, and Bs. Additionally, the result
calculated by the function f(x.) is plotted with dash line in Figure 3.3(c) and it gets
good agreement with the mean value dots of the Boiling number ratio (Bo.;/Boy,).

Thus, the modified version of the Boiling number will be,
Boc, = f(Wey) - f(xc) (3.38)

Moreover, the predictive capability of the modified Boiling number Bo., are supposed
to be evaluated. Figure 3.4 exhibits the distribution of the Boiling number ratio
(Bocz/Boy,) along selected dimensionless parameters. As seen, the Boiling number
ratio does not change along the dimensionless parameter further. It indicates that the
predictive capability of Bo., is acceptable. Further modification to Bo., is not

required.
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parameters

In summary, as illustrated by Eq.(3.38), the final version of the present CHF prediction
model will be a combination of the Boiling number, Weber number Wey,, and the
critical quality x.. In addition, for the high-pressure water CHF databank listed in Table
3.1, the Weber number Wey ranges from 5.43x 10? to 2.67x 10, the critical quality
from -1.768 to 0.955.

3.4. Assessment of Present CHF Model

Error parameter defined by Eq.(3.9) will be calculated with the new proposed CHF
correlation (see Eq.(3.38)) to assess its predictive capability. For the CHF database of
high-pressure water, which is utilized to develop the present CHF correlation, Figure
3.5 shows the distribution of the error parameter versus the pressure, mass flux, tube
diameter, and the critical quality, respectively. As illustrated, no apparent systematic
error is observed. However, it is illustrated by Figure 3.5(b) that the present correlation
tends to underestimate the CHF at mass flux lower than 500 kg/(m?s), which implies

that the present correlation is more conservative.

For the present CHF correlation, the mean value and RMS of the error parameter with
the 1484 high-pressure water CHF data points are 2% and 37.4%, respectively. Figure
3.6 compares the mean error and the standard deviation of the present correlation and
some of previous CHF prediction methods (see Table 3.2). As seen, the present
correlation gives a better prediction accuracy.
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Figure 3.5.: Distribution of the CHF prediction error parameter
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Figure 3.6.: Mean error and standard deviation of different correlations with the
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3.5. Validation of Present CHF Model

The present CHF correlation, as a dimensionless one developed from water experiments,
has potential to be applied for non-aqueous fluids. Accordingly, predictive capability of
the present correlation is evaluated and compared with other prediction methods and
CHF experiment with non-aqueous fluids.

Table 3.3.: Experimental data in the high-pressure R12 and CO2 CHF databank

R12 CO2
(N=1140) (N=28)
Parameters min max min max
P, MPa 2.9 3.5 6.2 7.1
P, - 0.70 0.85 0.84 0.96
G, kg/(m?s) 121 10440 494 2041
Dh, m 0.003 0.0158 0.008 0.008
X, - -0.745 0.902 -0.771 0.294
e, kW/m? 18.0 991.0 53.6 225.2
Bo x 10* 1.92 35.89 6.77 17.19

Wey 9.61x 10> 2.6x 10° 1.51x 10* 6.91x 10°

As mentioned in Section 3.1, the present work collects high-pressure R12 and CO2 CHF
experiments as well. The range of parameters could be found in Table 3.3. For the high-
pressure R12 databank, it is made up of 1140 data points with the reduced pressure up
to 0.85. The range of Weber number covers from 9.61x 10% to 2.6x 10°, critical quality
from -0.745 to 0.902. However, the high-pressure CO2 databank has only 28 data points
with reduced pressure from 0.84 to 0.96. Moreover, further information about the CHF
databank could be found in the Appendix C.

Table 3.4.: Prediction accuracy of different correlations for the high-pressure R12 and

CO7 CHF databank
R12 CO2
Model oo e rus NOOT up Rus
data used data used
Present correlation 1140 -0.020 0.333 28 0.068 0.304
Miropol’skiil!%] 1140 -0.807 0.809 28 -0.805 0.812
Halll”! 356 -0.162 0.236 9 0.785 0.886
Lombardi®’! 1140 -0.349 0.487 28 -0.607 0.620
Katto!!% 356 0.113 0.319 9 0.002 0.376
Kariyal®¥ 1140 0.434 0.879 28 0.093 0.304
Shah!®¢! 1140 0368 1.169 28 1.277 1.526
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Figure 3.7.: Comparison of different correlations with the high-pressure R12 and
CO2 CHF database

As listed in Table 3.4, for the present CHF correlation, i.e., Eq.(3.38), the mean error
and RMS error with R12 CHF experiments are 2% and 33.3%, respectively. While for
the CO2 CHF database, the mean error becomes higher, which is 6.8%, but still seems
acceptable compared to other prediction methods. The comparison between different
prediction methods is shown in Figure 3.7 as well, with the mean error and the standard
deviation of different prediction methods. It is indicated that the present CHF
correlation shows a good adaptation to non-aqueous fluids.

Regarding previous prediction methods, only dimensionless correlations are listed in
Table 3.4. It demonstrates that the predictive capability of the Kariya correlation®* is
comparable to the present CHF correlation when applied to the CO2 database, with the
mean error of 9% and RMS error of 30.4%. Particularly, it seems that the Katto’s
sublayer dryout!'® model also obtains a good prediction to CO: experiments, while it
can only be applied for 9 subcooled data points. Generally, the present CHF correlation
shows a better prediction accuracy than previous prediction methods.

3.6. Parametric CHF Trends

In this section, the parametric trends predicted by the Eq.(3.38) as well as experiments
will be discussed for uniformly heated round tubes with water as coolant. Figure 3.8-
Figure 3.10, solid lines stand for the calculated CHF, discrete dots for experimental
CHF data points. As seen, the predicted CHF is in good agreement with experimental
results. In the following, the influence of pressure, mass flux, and tube diameter will be
discussed.
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3.6.1. Effect of Pressure on CHF

Figure 3.8 shows the influence of pressure on CHF. Figure 3.8(a) is the comparison of
CHEF for pressure at 16.0 MPa and 20.0 MPa, with mass flux at 1000 kg/(m?s) and tube
diameter at 10 mm. Figure 3.8(b) shows the results with constant mass flux at 1500
kg/(m?.s) and tube diameter at 10 mm, while the pressures are at 16 MPa, 18.5 MPa,
and 21.5 MPa, respectively. Obviously, the higher pressure results in a lower CHF.

As shown by Figure 1.2, the increase in pressure leads to reduction in evaporation heat,
which promotes the vaporization process. Thereby, refering to Eq.(3.13) and Eq.(3.23),
the heat flux requied to make the liquid sublayer or liquid film dryout will decrease.
Hence, the value of CHF both for DNB and dryout drops when the pressure increases.

® 16.0MPa
= 18.5MPa|1
21.5MPa

* 16.0MPa
3000 = 20.0MPa|1 3000

(@) G=1000 kg/(m*s), D=10 mm (b) G=1500 kg/(m*s), D=10 mm

Figure 3.8.: Variation of CHF with quality at different pressure

3.6.2. Effect of Mass Flux on CHF

Figure 3.9(a) shows the variation of CHF at the mass flux of 350, 1500, 2000, and 3500
kg/(m?.s), respectively, with a constant pressure at 18 MPa and tube diameter at 10 mm.
Similarly, the influence of mass flux at pressure of 20 MPa is indicated by Figure 3.9(b),
with mass flux from 650 kg/(m?s) to 3500 kg/(m?.s). There is an increase in CHF as
the mass flux rises.

Regarding the sublayer dryout model for DNB, the higher mass flux could reduce the
passage time of the liquid blanket for the increase in vapor velocity. Therefore,
according to Eq.(3.13), the increase in mass flux leads to a higher CHF. With respect to
dryout, the higher mass flux would enhance the turbulent convection, resulting in higher
velocity fluctuation of the droplets. Consequently, referring to Eq.(3.24), it would
increase the droplet deposition ability and thus increase the CHF.
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Figure 3.9.: Variation of CHF with quality at different mass flux

3.6.3. Effect of Tube Diameter on CHF

The effect of tube diameter is shown in Figure 3.10 with pressure at 20 MPa. Figure
3.10(a) and Figure 3.10(b) compares the variation of CHF with tube diameter at mass
flux of 700 kg/(m?-s) and 3000 kg/(m?s), respectively. Figure 3.10(a) shows that when
the tube diameter decreases form 20 mm to 10 mm, the CHF increases. The tendency
indicated by Figure 3.10(b) is similar with tube diameter at 10 mm and 14.9 mm
respectively.
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Figure 3.10.: Variation of CHF with quality at different tube diameter

With a smaller tube diameter, the slope of the velocity profile in the two-phase boundary
layer will increase. Therefore, the vapor blanket velocity will be higher. As a result, a
smaller tube diameter gives rise to the critical heat flux for DNB type. Meanwhile, for
dryout, according to Eq.(3.25), the decrease in tube diameter will increase the droplet
turbulent velocity, so that the droplet deposition capability will be promoted. The CHF
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thus increases with the decrease of tube diameter.

3.7. Summary

In this chapter, a CHF databank has been established for the high-pressure region with
reduced pressure above 0.7 in uniformly heated round tubes. The reliability of the
databank is guaranteed by heat balance verification, duplication screening, and
reproducibility check. In consequence, the new CHF databank contains 2652 data
points in total for water, R12, and CO2. By comparing against the high-pressure water
CHF databank, the predictive capability of previous prediction methods is evaluated. It
is implied that a new CHF model for the high-pressure region is necessary.

To develop a new dimensionless CHF correlation, firstly, the relevant dimensionless
parameters are identified out by analyzing the mechanism of DNB and dryout
respectively. Secondly, the group-wise statistic method is applied to figure out the most
significant dimensionless parameters. Finally, it is indicated that the new CHF
correlation is a function with the Boiling number, Weber number, and the critical quality,
written as,

Bo. = f(Wey) - f(xc)

where,

f(Wey) = max (4, 42)

f(xc) = (By + By + B3) — max(By, B;, B3) — min(By, B, Bs)
and,

Ay =7.796 X 1072 - Wey %

A, = 1.530 X 1073 - We,, 00803

B; = 2.156 - (1 — x.)%688

B, = 1.841- (1 — x.)%137

B; = 0.672 - (1 — x.)%21°

The new CHF correlation has the following validity range:
e Wey:5.43x10%~2.67x 10°,

e x.:-1.768 ~0.955.

As demonstrated, although the new CHF correlation is developed from the high-
pressure water CHF databank, it gets good agreement with the test data obtained from
R12 and COsz. Besides, the new CHF correlation also shows better predictive capability
over previous prediction methods.
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Moreover, it is illustrated that the value of CHF falls with a higher pressure or larger
tube diameter, while the higher mass flux leads to a higher CHF.
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4. Modelling of Post-CHF Heat Transfer

As has been reviewed in Section 2.3, after the boiling crisis occurs, the post-CHF heat
transfer region will be encountered, where the heated wall can no longer be cooled by
the continuous liquid phase. Corresponding to DNB and dryout, post-CHF heat transfer
are indicated as post-DNB heat transfer and post-dryout (PDO) heat transfer,
respectively. Since the high-pressure region is of interest in the present work and post-
DNB heat transfer experiment is unavailable, this chapter will focus on post-dryout heat
transfer. A post-dryout heat transfer databank will be established. Then, predictive
capability of previous prediction methods will be evaluated.

4.1. PDO Heat Transfer Databank

Here, for droplet flow heat transfer, since the wall temperature is usually not very high,
the portion of radiation heat transfer could be neglected. Supposing the boiling system
is under equilibrium condition, the vapor phase is in saturation temperature. Further,
supposing the direct droplet-wall heat transfer is neglected, the supplied heat is
transferred to saturated vapor totally and then utilized to evaporate the saturated
droplets by interfacial heat transfer. Thereby, the mass quality will equal to the
equilibrium quality derived from heat balance, which is the maximum value of actual

115

vapor quality!''®], In consequence, this assumption will provide an upper boundary to

the stable PDO heat transfer coefficient and therefore a minimum wall temperature limit.

Further, assume that the forced convection heat transfer to saturated vapor in the droplet
flow can be described by the well-known Dittus-Boelter heat transfer correlation,
expressed as,

Nueq = 0.023Rey s, Pry* (4.1)

where Nugq denotes the equilibrium Nusselt number. Rey¢q = GDpxpy/(uy@) is the
equilibrium Reynolds number, here x,, is the mass quality evaluated by Eq.(2.40), and
a is the void fraction calculated by Eq.(2.41). Pry = pyc,y/Ay is devoted for the
Prandtl number, where uy, ¢y, and Ay are the dynamic viscosity, specific heat, and
thermal conductivity of saturated vapor. Then, the equilibrium wall temperature T,y ¢q
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would be given by,

qDy
AyNueq

Tweq = Tve + (4.2)

with Ty the saturation temperature, ¢ the heat flux, Dy, the tube diameter.

In the PDO region, in case the Ty, , is lower than the Ty o4, it indicates that there are

eq>
still significant direct droplet-wall heat transfer, so that the total heat transfer is better
than equilibrium assumption. This condition is regarded as “unstable PDO region”
according to the definition in Section 2.3.1. Otherwise, it will be the “stable PDO

region”.

As discussed in Section 2.3, for the stable PDO heat transfer region, only two heat
transfer processes, i.e., heat transfer from the wall to the vapor phase and the interfacial
heat transfer, are considered. In the current work, to simplify the model mechanism, the
unstable PDO heat transfer region is not considered. After data points with the wall
temperature lower than the Ty, o4 are discarded, reliable check is carried out as well as
that for the CHF databank. Details of reliable data check, the literature sources, and
parameter ranges are given in Appendix E.

Since the high-pressure region is of interest in the present work, 5391 data points with
reduced pressure over 0.7 are obtained for the stable post-dryout region in round tubes
with uniform heating and upward flow. Parameter ranges of these high-pressure data
points are listed in Table 4.1. The pressure covers the range from 15.92 to 21.51 MPa,
mass flux from 492.8 to 3500.0 kg/(m?s), tube diameter from 2.5 to 24.7 mm, heat flux
from 147.0 to 1923.0 kW/m?, equilibrium quality from 0.001 to 0.999, and the wall
superheat from 8.66 to 304.2 °C.

Table 4.1.: Parameter ranges of the high-pressure PDO heat transfer measurements
with water in uniformly heated round tubes
P Pr G Dn q Xe Ty, — T
[MPa] [-] [kg/(m*s)] [mm] [kW/m*] [-] [°C]
Min 1592 0.722 497.8 2.5 147.0  0.001 8.66
Max 21.51 0975  3500.0 247 1923.0 0.999 304.20

Parameters

4.2. Assessment of Previous PDO Heat Transfer Model

The predictive capability of previous high-pressure PDO heat transfer prediction
method will be assessed against high-pressure PDO heat transfer experiments (see
Table 4.1). For each data point, the error parameter will be evaluated by,

& = hcal(i) B hm(i)
NG

heq1 (1) is the calculated HTC given by previous prediction methods. h, (i) denotes

(4.3)
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the measured HTC, expressed as,

q(®)
Tw(i) - TV,e(i)

with q(i) for the supplied heat flux, T, (i) for the wall temperature, and Ty (i) for

han(D) = (44)

the equilibrium vapor temperature.

Thereby, statistical parameters, i.e., ME, SD, and RMS of the error parameter (&;), are
calculated by Eq.(3.10), Eq.(3.11), and Eq.(3.12), respectively. The comparison of the
predictive capability among existing prediction methods is carried out and listed in
Table 4.2. The 2003 Post-CHF LUT!!!®) can only be applied to 2839 data points, while
other experimental data points are out of the table prediction range. It achieves mean
error of -15.1% and RMS error of 25.6%. As indicated by the reference [118], most
areas of the LUT are colored in yellow in the high-pressure region, which implies that
most table values are derived from heat transfer models rather from experiments
directly. Therefore, the 2003 Post-CHF LUT!!®! could not give a satisfying prediction.
The mean error and RMS error provided by Slaughterbeck correlation!!**! are -20.5%

M7 is with mean error of 19.3%

and 25.2%, respectively. The Groeneveld correlation!
and RMS error of 37.1%. In general, previous PDO heat transfer prediction methods
could not provide a good prediction accuracy. Therefore, a new PDO heat transfer

correlation is required.

Table 4.2.: Prediction accuracy of different correlations for PDO experiments in the
high-pressure region

Model ME S Rus o-°rused

data points

2003 Post-CHF LUTI!'®1 -0.151 0.207 0.256 2839
Miropol’skii''3]  0.487 0.560 0.742 5391
Slaughterbeck!'*]  -0.205 0.146 0.252 5391
Groeneveld!'''!  0.193 0316 0.371 5391
Swenson!3®) 0432 0.475 0.642 5391

4.3. Development of PDO Heat Transfer Model

Referring to the discussion in Section 3.3 about the requirement of a new CHF
correlation, the new PDO heat transfer correlation is supposed to be a dimensionless
correlation and independent of upstream information. Hence, significant dimensionless
parameters will be identified firstly.

4.3.1. Identification of Dimensionless Parameter

Analyzing the vapor-droplet system in one-dimension homogeneous mixture model and
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according to the definition of Nusselt number, the two-phase Nusselt number Nurp for
the stable PDO region can be expressed by,

qDy
Arp(Ty — Trp)

Here, g stands for the heat flux, D,, for the tube diameter, Arp for the two-phase

NuTP = (45)

thermal conductivity, T, for the wall temperature, and Trp for the two-phase coolant
temperature. Supposing Arp and Tp can capture the real two-phase mixture property,
the two-phase Nusselt number Nupp can thereby characterize the actual heat transfer
characteristics. Obviously, it is usually difficult. Consequently, for the vapor-droplet
system in the stable PDO region, the Nusselt number Nu calculated from measured
parameters is normally written as,
qDp
Nu=——m"m—""— (4.6)
AV(TW - TV,e)

with Ay for the saturated vapor thermal conductivity and Ty, for the equilibrium
vapor temperature, i.e., saturation temperature.

Supposing the two-phase mixture properties could be estimated reasonably, the two-
phase Nusselt number is thus written as,

Nqu = CTPReTPPPTmTP (47)

where ctp, ntp and myp are constant factors. Rerp and Pryp are introduced for the
two-phase Reynolds number and the two-phase Prandtl number, respectively.

Hence, by substituting Eq.(4.5) and Eq.(4.7) into Eq.(4.6), Nu will be rearranged as,

— Repp’ - Pryp'™ .
/1V TW_TV,e ~crp - Reqp’ - Prp (4.8)

Besides, the two-phase Reynolds number Reqp is assumed as,

GD,
ReTP = — (49)
Htp
Referring to the research of McAdams et al.l'**!, the two-phase viscosity prp can be

expressed as a combination of local quality and saturation properties,

Utp Uy Uy,

1 x 1—x
==+ = (4.10)

so that the Rerp will be expressed by,
ReTP——[ +—(1—xm) (4.11)

Then, in the stable PDO region, as assumed, the supplied heat can only be transferred
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to the vapor phase directly. Accordingly, since the near wall region is of great
significance to heat transfer, the Prandtl number of the vapor phase in the wall
temperature as P, = ¢, wiw/Ayw is thereby introduced to simplify the Prrp,

Cp TpU c A
Pryp = 220T° _ py TP e Aw (4.12)

Arp Cpw HMw Arp
As seen, Prpp is expressed as a combination of Pr,, and property ratios.

In the above and hereunder equations, properties with the subscript ‘V’, ‘L’, ‘TP’ and
‘w’, are saturated vapor properties, saturated liquid properties, two-phase mixture
properties, and vapor properties at wall temperature, respectively. 4, ¢,, and p denote
the thermal conductivity, the specific heat, and the dynamic viscosity, respectively. G
is devoted for the mass flux, D), for the tube diameter, and x,,, for the mass quality

given by Eq.(2.40).

Moreover, since the constant crp, nrp and myp in Eq.(4.8) are unknown, here,
referring to the Dittus-Boelter correlation, assign the value of 0.023, 0.8, and 0.4 to
them, respectively. Thus, Eq.(4.8) will be expressed as,

Nu = F - (0.023Re28Pr2*) = F - Nu, (4.13)

with Nuy = 0.023RedfPr0* as the reference Nusselt number. F is a correction
factor to be determined. To correct the inaccuracy of constant factors in Nuy, Rerp
and Pry, should be considered in the correction factor F as well. Furthermore,
comparing Eq.(4.8) and Eq.(4.13), the correction factor F is supposed to contain
dimensionless parameters about the effect of the wall temperature T;,, the two-phase
coolant temperature Ttp, and two-phase properties.

In the present work, the influence of T, is considered by property ratios, i.e.,
Cpv/Cpw> Av/Aw, Hy/tw. The two-phase temperature Trp characterizes the system
non-equilibrium or the heat transfer ability from the vapor phase to the droplets directly
(interfacial heat transfer). Referring to the research of Nishikawa et al.['*l, Shah et
al.l""l and Groeneveld et al.l''] Boiling number Bo = q/(GHy) (Hy., the
evaporation heat), Prandtl number Pry = (¢pyiy)/Av, Reynolds number Rey =
(GDy)/uy , Froude number Fry, = G2/(Dy gpi) (g, gravitational acceleration),
Weber number Wey = (G2Dy)/(opy) (o, the surface tension), the equilibrium
quality x., and the density ratio py,/py are significant dimensionless parameters to the
non-equilibrium phenomena. Further, assume that two-phase properties could be
expressed as a function about property ratios (i.., ¢,1./Cpv, AL/Ay, pn/py) and the
mass quality x,, (see Eq. (2.40)). As a result, by removing independent parameters,
the correction factor could be expressed by,

c C Ay 4
F=f2t, e 2L ad &,&,xe,Bo,FrL, Wey, Rerp, Priy) (4.14)

) !A !A ) )
Cpw Cpv w Ay Uy Uy Py

In the following, the most significant dimensionless parameters in Eq.(4.14) will be
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identified to develop a new PDO heat transfer model.

4.3.2. Derivation of PDO Heat Transfer Model

Referring to Yu’s work!!*®!, the PDO heat transfer model developed from the whole
pressure database achieves a better predictive capability, compared to the one
developed with the same strategy but from high-pressure experiments (with reduced
pressure above 0.7). Therefore, the prediction model for the whole pressure range will
be discussed hereunder.

The databank for stable PDO heat transfer from experiments with water in uniformly
heated vertical tubes is obtained and summarized in Table 4.3. It contains 9902 data
points in total and covers a pressure range from 2.98 to 21.51 MPa, mass flux from
496.3 to 3500 kg/(m?-s), tube diameter from 2.5 to 24.7 mm, heat flux from 147 to 1923
kW/m?, equilibrium quality from 0.001 to 0.999, and wall superheat from 8.66 to
499.68 °C.

Table 4.3.: Parameter range of the whole-pressure water PDO heat transfer
experiments in uniformly heated round tubes
P Pr G Dn q Xe Tw—Ts
[MPa] [-] [kg/(m®s)] [mm] [kW/m?’] [-] [°C]
Min 298 0.135 496.3 2.5 147 0.001  8.66
Max 21.51 0.975 3500 24.7 1923 0.999 499.68

Parameters

The uniformly heated water database listed in Table 4.3 is applied to develop a new
heat transfer model for the stable PDO region. As has been discussed in the previous
section, the vital issue is to find out the most significant dimensionless parameters listed
in Eq.(4.14). Referring to the derivation of the new CHF model, the group-wise statistic
method proposed by Cheng et al.l®”l is utilized in this section.

The Nusselt number ratio (Nuy,/Nu,,) is introduced to express the correction factor,
with Nu, the reference Nusselt number in Eq.(4.13) and Nu,, the measured Nusselt
number calculated by Eq.(4.6). After sorted and grouped with 400 data points in each
group, the average value u and standard deviation ¢ of dimensionless parameters and
the Nusselt number ratio (Nu,/Nu,,) are calculated for every group.

Accordingly, the dependence of (Nuy/Nuy,) onthe selected dimensionless parameter
will be analyzed by plotting the distribution tendency, as can be seen from Figure 4.1.

Figure 4.1(a) illustrates that when the equilibrium quality x, lower than 0.4, the
Nusselt number ratio (Nuy/Nu,,) decreases with the increase of x,, while it keeps
nearly constant when x, exceeds 0.4.

Figure 4.1(b)-Figure 4.1(d) demonstrate that the (Nuy/Nu,,) tends to decrease along
the Froude number Fri, the Weber number Wey, and the Reynolds number Rerp.
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In Figure 4.1(e), as seen, the (Nu,/Nu,,) falls as Pry, increases when it is below
unity, whereas it increases in case Pry; above unity.

Besides, Figure 4.1(f) and Figure 4.1(g) give examples of dimensionless parameters on
which the dependence is not strong. Thus, these dimensionless parameters will no
longer be considered.

In the present work, the correction factor F; is introduced to compensate the
dependence on Rerp,

F, = 8.346 X 10793 Re{319 (4.15)
Followed by the correction with Rerp, F, is proposed to capture the effect of Pryy,

F, = max (0. 795Pry"7>2,0.809Pr*%7) (4.16)
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Figure 4.1.: Variation of Nuy/Nu,, versus dimensionless parameters

Correction factor F; and F, are also plotted in Figure 4.1(d) and Figure 4.1(e),
respectively. As seen, the correction factors agree well with the group mean value.
Specifically, the intersection of the two terms in F, is around Pryy; = 1. The exponent
for Pryy in the new correlation will therefore be negative for Pry < 1, which is
different to the value of 0.4 in the single-phase Dittus-Boelter correlation. The thermal
diffusivity is more significant compared to the momentum diffusivity when Prandtl
number lower than unity. As mentioned, the heat transfer in the stable PDO region is
determined by both the vapor-wall and vapor-droplet heat transfer. Therefore, the lower
Pryy may enhance the heat transfer ability by the increase of heat conduction in the
near wall region. Thus, the exponent of correction factor with Pryy, is negative.

Accordingly, the new Nusselt number ratio will be given by,

Nucl _ Fl - Fz ) Nuo
Nu, Nu,,

(4.17)

The distribution of (Nu¢y/Nuy,) is exhibited in Figure 4.2. As seen, the (Nu.;/Nuy,)
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keeps nearly constant along selected dimensionless parameters, except the equilibrium
quality. It implies that the dependence on the Froude number Frj, the Weber number
Wey, the Reynolds number Retp, and the Prandtl number Pryy have been eliminated.

As indicated by Figure 4.2(a), in the low-quality region, the heat transfer coefficient is
still underestimated, perhaps in consequence of the overvalued non-equilibrium effect.
Since (Nu¢;/Nuy,) decreases with the increase of x, at low-quality region, while it
remains constant when x, exceeds 0.4, a correction equation is proposed as a function
of the equilibrium quality,

F; = min [0.715(1 — x,.)~%678,1.0] (4.18)
The modified Nusselt number will thereby be expressed by,
Nuc2=F1'F2'F3'NuO (4.19)

In consequence, the distribution of the (Nu.,/Nu,,) is analyzed again and displayed
in Figure 4.3. As seen, the value of (Nu.,/Nu,,) equals unity and further modification
to Nu., seems not required.
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4.4, Assessment of Present PDO Heat Transfer Model

For the whole-pressure PDO heat transfer database (Table 4.3), which is applied to
develop the present model, the distribution of error parameters (defined by Eq.(4.3))
with the variation of the pressure, mass flux, tube diameter, heat flux, quality, and wall
superheat, are displayed in Figure 4.4. As can be seen, there is no drastic deviation along
these system parameters. Although the heat transfer tends to be lower estimated when
pressure is below about 12 MPa, systematic deviation in the interested pressure range,
which is above 15.5 MPa with reduced pressure over 0.7, is not evidence. It could be
demonstrated that the present heat transfer model for the stable PDO heat transfer
region is reasonable.
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Figure 4.4.: Distribution of PDO heat transfer coefficient prediction error parameter

As shown in Table 4.4, for the whole-pressure water PDO heat transfer database, the
present PDO heat transfer prediction model gives the mean error of -2.0% and the RMS
error of 18.1%. The deviation of the Swenson correlation!'* is considerable, with mean
error up to 83.3% and RMS error of 104.4%. The 2003 Post-CHF LUT!!'!® obtains mean
error of -10.6% and RMS error of 20.9% for 7350 data points. It is indicated that the
present PDO heat transfer correlation achieves a better accuracy than other prediction
approaches listed in Table 2.2.

Furthermore, when applying the present PDO heat transfer correlation to the high-
pressure water experiments, the mean error and RMS error are 2.3% and 17.6%,
respectively. Compared to prediction accuracy of previous prediction methods
summarized in Table 4.2, as seen, the present PDO heat transfer correlation provides a
better accuracy for the high-pressure PDO heat transfer as well.

To sum up, compared to previous prediction approaches, the present PDO heat transfer
correlation achieves a higher prediction accuracy for both the high-pressure and the
whole-pressure water PDO heat transfer database. Additionally, for the whole-pressure
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database, it covers reduced pressure from 0.135 to 0.975, Repp from 9.91 x 10*to 1.78
x 10%, Pry from 0.89 to 2.46, and x, from 0.001 to 0.999. For the high-pressure part
of the PDO heat transfer database of which the reduced pressure is from 0.722 to 0.975,
the range of Nu, Repp, and x. is the same to the whole database, while Pry; ranges
from 0.93 to 2.46.

Table 4.4.: Prediction accuracy of different correlations for whole-pressure water
PDO heat transfer databank

No. of used

Model ME SD  RMS .
data points

Present correlation -0.020 0.180 0.181 9902

2003 Post-CHF LUT!81 -0.106 0.180 0.209 7350
Miropol’skii'®!  0.398 0.496 0.636 9902
Slaughterbeck!'*! -0.174 0.166 0.241 9902
Groeneveld!'''l  0.191 0.264 0.326 9902
Swenson['*%!  0.833 0.629 1.044 9902

4.5. Validation of Present PDO Heat Transfer Model

4.5.1. Validation by High-Pressure CO; Experiment

Since the present PDO heat transfer correlation is dimensionless, it could be applied to
different working fluids. Therefore, hereunder, the present correlation will be validated
by heat transfer experiments carried out by Eter et al.'*’l, with CO: as coolant in
uniformly heated tubes for the high-pressure region.

As listed in Table 4.5, the PDO heat transfer database for high-pressure CO:2
experiments in uniformly heated tubes contains 497 data points at a range of reduced
pressure 0.88-0.95, Reynolds number Rerp 9.26 x 10°—4.83 x 10°, Prandtl number
Pry 0.76-1.25, and equilibrium quality x, 0.003—0.965. Accordingly, Table 4.6
compares predictive capability of different prediction methods. For the present PDO
heat transfer correlation, the mean error and RMS error are 7.9% and 28.9%,
respectively. As indicated, the present heat transfer model shows a good adaptation to
CO2, though it is developed from water experiments.

When applied to high-pressure CO> experiments, the Miropol’skii correlation!!!?!

obtains mean error of 103.5%. The Groeneveld correlation!''!] achieves the mean error
of 15.9% and RMS error of 27.5%. Since the 2003 Post-CHF LUT!!®] can only be
applied to water without fluid-to-fluid scaling and Slaughterbeck correlation!!* is not
a dimensionless correlation, they could not be used for non-aqueous fluids and are not
listed in Table 4.6. Aa seen, the present correlation exhibits advantage in prediction
accuracy over other prediction methods.
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Table 4.5.: Parameter ranges of the high-pressure PDO heat transfer measurements
with COz in uniformly heated tubes

Parameters Pr G Dn 1
[MPa]  [-] [kg/m’s)]  [mm]  [kW/m?]
Min 6.49 0.88 497 8 59.8
Max 7.01 0.95 1991 8 225.2
Parameters ¢ 1w Ts Nu Rerp Pry

[-] [°C] [-] [-] [-]
Min 0.003 2456  63.06 9.26x10*  0.76
Max  0.965 213.12 68170  4.83x10° 125

Table 4.6.: Comparison of different prediction models for high-pressure uniformly
heated CO2 experiments

Model ~ME sp Rms To-ofused

data points

Present correlation -0.079 0.278 0.289 497
Miropol’skii'3l  1.035 0.421 1.117 497
Groeneveld!'''l  0.159 0.225 0.275 497
Swenson*%!  0.954 0.361 1.020 497

4.5.2. Validation by Non-uniformly Heated Water and Uniformly
Heated R134a Experiment

Moreover, the present model is also validated by experiments in a lower pressure region,
i.e., water experiments with non-uniform heating and R134a experiments with uniform
heating, as listed in Table 4.7.

*  Non-uniformly Heated Water Experiments

Concerning the “non-uniformly heated water” database, experiments of water in non-
uniformly heated vertical round tubes were carried out by Becker et al.[’®), made up of
five different axial power profiles including inlet peak, middle peak, outlet peak, narrow
middle peak, and narrow inlet peak. As summarized in Table 4.7, for the non-uniformly
heated water database, the reduced pressure ranges from 0.045 to 0.727. It covers the
range of Rerp from 2.19 x 10° to 1.50 x 10°, the range of Pryy from 0.89 to 2.35, and
the range of x. from 0.003 to 0.965.

It can be found in the Table 4.8 that the mean error and RMS error of present PDO heat
transfer model are -1.5% and 20.3%, respectively. In addition, the 2003 Post-CHF
LUT!® can only be utilized to predict 17550 non-uniformly heated water data points
and obtains mean error and RMS error of 7.4% and 22.9%, respectively. The
Slaughterbeck correlation!'*>! achieves the mean error of 5.5% and RMS error of 37.2%.
It is obvious that the present correlation performs better than other prediction methods.
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*  Uniformly Heated R134a Experiments

Koeckert et al.'*"! performed experimental study about post-dryout heat transfer with
R134a as coolant in a uniformly heated vertical tube at the KIT Model Fluid Facility
(KIMOF). The uniformly heated R134a database covers the reduced pressure range
0.27-0.694, Repp 1.37 x 10°~7.79 x 10°, Pryy 0.78-0.95, and x, 0.263-0.999. As
can be seen in Table 4.8, the present heat transfer model obtains mean error of 2.7%
and RMS error of 19.4%. The mean error and RMS error of the Groeneveld
correlation'! is only 0.7% and 16.0%, respectively, which performs slightly better
than the present heat transfer model.

As can be concluded, when applied to the non-uniformly heated water experiments and
uniformly heated R134a experiments, the present PDO heat transfer model could give
a good prediction and is more accurate than other prediction methods.

Table 4.7.: Parameter ranges of non-uniformly heated water and uniformly heated
R134a PDO heat transfer experiments

Non-uniformly Uniformly
heated water heated R134a

(N=18895) (N=28006)
Parameters min max min max
P, MPa 0.99 16.03 1.10 2.82
P, - 0.045 0.727 0.270 0.694
G, kg/(m?s) 496.6 3117.9 294.6 1517.4
Dn, mm 15.0 15.0 10.0 10.0
q, kW/m? 70.0 1587.0 24.8 139.8
X, - 0.129 0.999 0.263 0.999
T, —Ts, °C 3.74 540.82 30.81 190.81
Nu, - 157.41 1.74 x 10* 162.66 688.49
Rerp, - 2.19%x10° 1.50x10° 1.37x10° 7.79 x 10°
Pryy, - 0.89 2.35 0.78 0.95

Table 4.8.: Prediction accuracy of different prediction methods to non-uniformly
heated water experiments and uniformly heated R134a experiments

Non-uniformly  Uniformly
heated water  heated R134a
(N=18895) (N=28006)
Model ME RMS ME  RMS
Present correlation -0.015 0.203 0.027 0.194
2003 Post-CHF LUT!'® 0.074 0.229 - -
Miropol’skii'®!  0.208 0.531 0.328 0.446
Slaughterbeck!'*!  0.055 0372 - -
Groeneveld!''!!  0.523 0.704 0.007 0.160
Swenson*%l  1.727 1.812 2.909 2.957
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4.6. Parametric Trends of PDO Heat Transfer

In this section, the influence of pressure, mass flux, heat flux, and tube diameter are
discussed, respectively, for PDO heat transfer experiments in uniformly heated round
tubes at high-pressure region with water or COz as coolant.

4.6.1. Effect of Pressure on PDO Heat Transfer

Comparison of PDO heat transfer under different pressure conditions could be found in
Figure 4.5. The parameters for selected test cases are summarized in Table 4.9. Figure
4.5(a) and Figure 4.5(b) shows the variation of heat transfer coefficient versus the
equilibrium quality, when the pressure increases from 16 MPa to 20 MPa for water
experiments. Figure 4.5(c) compares the PDO heat transfer for uniformly heated round
tubes with CO2 at pressure of 6.49 MPa and 7.0 MPa, respectively. Moreover, the
prediction results with Eq.(4.19) for each test case are plotted in Figure 4.5 as well. In
general, the predicted heat transfer coefficient gets a good agreement with the
experiment.

As observed, PDO heat transfer coefficient increases with increasing pressure. As the
pressure increases, according to research of Kataoka et al.['*¥], the droplet diameter will
be smaller with a lower surface tension, therefore the total interfacial area is larger at
the same equilibrium quality. It facilitates the interfacial heat transfer from the vapor
phase to liquid droplets. In consequence, a better total heat transfer could be obtained
at a higher pressure.

Table 4.9.: Test cases for PDO heat transfer under different pressure
P P G Dn q
[MPa] [-] [kg/(m?s)] [mm] [kW/m?]
BEC98 water 15.99 0.72 1970.10 149  608.0
BEC57 water 17.99 0.82 197440 149  608.0
BEC18 water 19.92 090 1979.50 149  603.0
BEC95 water 16.00 0.73 2553.70 149 1151.0
BECS53 water 17.99 0.82 2548.00 149 1140.0
BEC14 water 20.03 091 257190 149 1119.0
GRO4 CO2 649 0.88 703 8 79.9
GRO5S CO2 7.00 0.95 703 8 79.9

Case No. Fluid
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Figure 4.5.: Effect of pressure on PDO heat transfer

4.6.2. Effect of Mass Flux on PDO Heat Transfer

Test cases selected to investigate the mass flux influence on the PDO heat transfer are
listed in Table 4.10. The first four cases are prepared for water experiments with
pressure at 20 MPa and heat flux about 750 kW/m?, which are shown in Figure 4.6(a).

Table 4.10.: Test cases for PDO heat transfer under different mass flux

. P P G Dn q
CaseNo. Fluid 1y ol [ [ke/(w?s)] [mm] [kW/m?]
BEC27 water 1998 0.91 1485.30 14.9 748.0
BEC19 water 20.00 0.91 1991.10 14.9 749.0
BEC11 water 20.00 0.91 2566.70 14.9 741.0
BEC3 water 19.98 0.91 3082.50 14.9 742.0
GRO1 CO2 6.56 0.89 500 8 97.9
GRO3 CO2 6.56 0.89 700 8 96.2
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Further, the experiments about CO2 summarized in Table 4.10 can be seen from Figure
4.6(b), at the pressure of 6.56 MPa and heat flux of 97 kW/m?. Obviously, the increase
in mass flux leads to a better heat transfer since the vapor velocity is higher.
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Figure 4.6.: Effect of mass flux on PDO heat transfer

4.6.3. Effect of Heat Flux on PDO Heat Transfer

Regarding the effect of heat flux, test cases under different heat flux are listed in Table
4.11. Figure 4.7(a) shows the variation of heat transfer coefficient for water experiments
when the heat flux increases from 742.0 kW/m? to 1218.0 kW/m?, with pressure at 20
MPa and mass flux at around 3000 kg/(m?-s). Figure 4.7(b) exhibits water experiments
at a lower mass flux of 1500 kg/(m?-s) with the range of heat flux from 500.0 kW/m? to
795.0 kW/m?. Figure 4.7(a) and Figure 4.7(b) indicates the increasing heat transfer with

decreasing heat flux.

Table 4.11.: Test cases for PDO heat transfer under different heat flux

: P P: G Dn q
Case No. Fluid [MPa] [-] [kg/(m?s)] [mm] [kW/m2]
BEC3  water 1998 091 3082.50 149  742.0
BEC4  water 20.06 091 3084.50 149  837.0
BEC5  water 20.01 091 310390 149  931.0
BEC8  water 20.30 0.92 3061.60 149 1218.0
BEC24 water 1999 091 1488.50 149  500.0
BEC25 water 19.99 091 1480.40 149  604.0
BEC27 water 1998 091 148530 149  748.0
BEC28 water 19.97 091 1485.10 149  795.0
GRO2 CO2 6.56 0.89 700 8 79.8
GRO3 CO2 6.56 0.89 700 8 96.2
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The higher heat flux implies higher interfacial heat flux, whereas the variation in heat
flux does not influence the heat transfer coefficient between the vapor phase and
droplets. Thereby, the increase in supplied heat flux will result in higher vapor superheat,
which will impair the heat transfer between the heated wall and bulk flow.

For CO2 experiments, as can be seen from Figure 4.7(c), when the heat flux rises from
79.8 kW/m? to 96.2 kW/m?, there is no apparent difference on heat transfer coefficient.
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Figure 4.7.: Effect of heat flux on PDO heat transfer

4.6.4. Effect of Tube Diameter on PDO Heat Transfer

The effect of tube diameter is discussed hereunder. As summarized in Table 4.12, water
experiments at constant pressure of 20 MPa, mass flux of 1500 kg/(m?s), heat flux of
604.0 kW/m?, and in tubes with different diameter are compared. In general, as Figure
4.8 shows, the heat transfer increases when the tube diameter increases from 10 mm to

24.7 mm.
A larger tube diameter means higher value of Reynolds number and stronger flow

turbulent, which could promote the vapor-droplet convective heat transfer. As a result,
in the PDO regime, the heat transfer coefficient tends to be higher with a larger tube
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diameter.

Table 4.12.: Test cases for PDO heat transfer under different tube diameters
P P: G Dn q

[MPa] [-] [kg/(m*s)] [mm] [kW/m?]

BEC349 water 1999 091 1507.40 10.0 597.0

BEC25 water 19.99 091 1480.40 14.9 604.0

BEC476 water 20.10 0.91 1493.00 24.7 598.0

Case No. Fluid
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Figure 4.8.: Effect of tube diameter on PDO heat transfer

4.7. Summary

In this chapter, heat transfer in the post-dryout region is discussed. It is indicated that
previous post-dryout heat transfer prediction approaches could not provide a reliable
prediction to the high-pressure region. Thereby, a new PDO heat transfer correlation is
developed by considering the two-phase mixture property effect, wall temperature
effect, and non-equilibrium effect. The new PDO correlation is a combination of Rerp,
Pryy, and the equilibrium quality x., expressed as,

Nu = F, - F, - F5 - (0.023Re®g Pr*
with,

F; = 8.346 X 10793 Re{31°

F, = max (0.795Pry'752,0.809Pr%%7)
F; = min [0.715(1 — x,)~*678,1.0]

Derived from PDO heat transfer experiments in uniformly heated round tubes with
upward flowing water as coolant, the validity range of the present PDO heat transfer
correlation covers:

*  Repp: 9.91 x 104~ 1.78 x 10°,
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«  Priy:0.89 ~2.46
e x.:0.001 ~0.999

It has been demonstrated that the present correlation achieves better prediction accuracy
against the high-pressure water PDO heat transfer experiments than previous prediction
methods. Moreover, the present correlation achieves a good agreement when applied to
high-pressure CO2 experiments. Besides, the present correlation shows a good
predictive capability to water experiments with non-uniform heating and R134a
experiments with uniform heating.

As indicated, PDO heat transfer is facilitated as the increase of pressure, mass flux, and
tube diameter. However, the PDO heat transfer becomes better under a lower heat flux.
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5. Modification and Application of
ATHLET-SC

The ATHLET-SC code is capable of simulation for trans-critical transients, since the
discontinuity problem during the transition between the supercritical condition and
subcritical two-phase condition has been solved by implementing the pseudo two-phase
model. However, validation of trans-critical transient heat transfer experiment is still
missing. In this chapter, the new CHF model and PDO heat transfer model developed
in the present work will be implemented to ATHLET-SC to improve the prediction
accuracy in the high-pressure region.

5.1. Introduction to ATHLET-SC Heat Transfer Model

Related information about heat transfer prediction models implemented in ATHLET-
SCH are described below in respect of supercritical condition and subcritical condition.

Heat transfer correlations for the supercritical conditions are included in independent
subroutines, in case the critical pressure exceeded, it will be utilized. Five heat transfer
correlations for supercritical water, i.e., Bishop correlation!®!, Krasnoshchekov
correlation!®*!, Yamagata correlation®®!, Jackson correlation!'*!l, and Cheng correlation
[57], were included and assessed. Referring to the literature review in Section 2.1, the
Cheng correlation with given heat flux!®?, seen in Eq.(2.10), is added and implemented

for the prediction of heat transfer at supercritical pressures.

While for subcritical conditions, the heat transfer is determined using a complicated
heat transfer logic controlled by numerous options*¥. Generally, it is separated to four
main heat transfer regimes, i.e.,

e Level I;: Heat flow from fluid to wall

* Level II: Heat flow from wall to fluid (forced and natural convection, Nucleate
boiling (NB))

* Level III: Transition boiling (TB)
* Level IV: Film boiling (FB)
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The Modified Chen correlation!'*?l and Chen correlation!>*! are applied to subcooled
and saturated nucleate boiling, respectively.

For film boiling region, the heat transfer coefficient is evaluated by post-CHF
correlations, as Eq.(5.1) indicated. When the void fraction below 0.75, post-DNB
correlations, i.e., Bromley correlation!!'® or the Berenson correlation!'’”! will be
utilized. For void fraction above 0.85, one of Modified Dougall-Rohsenow
correlation!!%]
correlation!''?! will provide the PDO heat transfer coefficient. In the region with void

fraction between 0.75 and 0.85, it will be obtained by cosine shape interpolation.

the Groeneveld correlation!!'!] and the Condie-Bengston IV

h(post-DNB), a < 0.75
hgg = { interpolation, 0.75 < @ < 0.85 (5.1)
h(post-dryout), « > 0.85

Besides, the heat transfer coefficient for transition boiling is achieved by interpolation
of nucleate boiling and the film boiling heat transfer coefficient.

A

HTC L .
Level I Level 11 iLeveI 1] Level IV

EATCHF+10 3

f EATCHF: 14T yep AT:TW-TS

Figure 5.1.: Sketch of ATHLET-SC heat transfer logic!*/!

The main part of the heat transfer logic could be simplified to Figure 5.1. The transfer
from NB to TB is determined by the critical heat flux. ATHLET-SC provides eight CHF
correlations for PWR and BWR simulations, i.e., W-3 correlation!®’, Israel-Casterline-

81 (1541 Biasi correlation!'>!, Zuber-

Matzner correlation!
Griffith correlation!'*®), Hydropress correlation!'*”), Osmachkin correlation!!*®], and

Mirshak correlation!!*]. As concluded by GRS[*#, the validated pressure range of the

Hench-Levy correlation

Osmachkin correlation!!*® is the highest, which is up to 17 MPa.

In a heating process, the heat transfer turns to film boiling after the wall temperature
above the minimum film boiling temperature ( Typg ). The Groeneveld-Stewart
correlation!®”! is implemented to compute the Typg. It has to be noted that this

correlation is based on rewetting experiments at pressure up to 9 MPa. Conversely, for
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the rewetting process, it is in another way, in which the heat transfer mode can only
back to nucleate boiling when the wall temperature is lower than the rewetting
temperature Trgw. By default, Trgw is 5 °C below Tygg-

5.2. Preliminary Simulation of Trans-critical Transients by

ATHLET-SC

Since ATHLET-SC is developed for supercritical water cooled system, the transient
experiment carried out by Hul*¥ in the Supercritical WAter MUItiPurpose loop
(SWAMUP) will be simulated. However, simulation of other experiments which were
performed with Freon as coolant and have been summarized in Section 1.2, could not
be carried out so far. The information about Hu’s experiments**! and the ATHLET-SC
simulation model is discussed hereunder.

Cooling 22 7‘ l :
water tank ’ﬁ il [,.28=750mm

D B f
L |/ Z7=625mm
Te;l . Cooling pump : i i:Z(>=5(l()mm
section
Pressure regulator |
{1 rer—1 ‘
=== v M| z5=375mm
Deionized i
water tank [
X /| | Z4=250mm
o 3 || Z3=125mm
Pre-heater A [ T 0]
[ Z2=62.5mm
Re-heater - _ [ 1 Z1=31.25mm
Y = Piston pump Il Z0o=0

Venturi flowmeter L1 Z=-33mm

(@) Test loop (b) Test section

AA

(c) Cross section

Figure 5.2.: Schematic of SWAMUP test loop and test section!¢!!
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5.2.1. SWAMUP Test Facility and Experimental Procedure

SWAMUP test facility was established in Shanghai Jiao Tong University (SJITU), as
Figure 5.2(a) shows, mainly containing the pre-heater, piston pump, mixer, and the test
section. The design pressure is up to 30 MPa, the design temperature up to 550 °C, the
mass flow rate up to 10.0 m*/h, and the total power up to 1.2 MW34 161.162],

For the trans-critical transient experiments performed on SWAMUP, the test section is
displayed in Figure 5.2(b) and Figure 5.2(c). The 2x2 rod bundle heated by electric
power is inserted into the assembly box and fixed by wrapping wire. The length of
heated rod is 750 mm, and the outer diameter 10 mm. After reaching the pre-defined
temperature, the deionized water flows upward into the test section to cooling the
heating rods. As summarized in Table 5.1, during the pressure transient, the inlet mass
flux, heat flux, and inlet enthalpy were kept constant. The system pressure decreases
from 25 MPa to 17 MPa with a pressure change rate at 1 MPa/min. The wall
temperature at eight different elevations (see Figure 5.2(b)) are recorded over time by
thermocouples for every 0.2 second.

Table 5.1.: Test parameters of trans-critical experiments

Pressure range  Mass flux Heat flux  Inlet enthalpy Pressure change rate

D
Case (MPa) (kg/m?s)  (kW/m?) (kl/kg) (MPa/min)
Case 1 25-17 885 424 1610 1
Case 2 25-17 1297 604 1610 1

5.2.2. ATHLET-SC Simulation Model

According to the experimental design, the ATHLET-SC simulation model has been
established. Figure 5.3 shows the schematic of the simulation model, of which the
geometry size is calculated from Figure 5.2(b) and Figure 5.2(c).

Referring to Hu’s measurements!®*], the inlet mass flux and enthalpy are kept constant,
while the outlet is a time dependent volume (TDV) with given pressure. Four heated
rods are applied with distance between rod centers at 11.8 mm. Corresponding to the
elevations of thermocouples, the pipe is divided into ten control volumes. For each
simulation, 100 seconds steady state calculation is carried out firstly at 25 MPa. Then
the pressure decreases from 25 MPa to 17 MPa.

Especially, in the simulation, CHF will be evaluated as the minimum value of all eight
CHF correlations. The selection of other heat transfer models obeys the default option
in ATHLET-SC.
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Figure 5.3.: Sketch of ATHLET-SC simulation model
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5.2.3. Preliminary Simulation Result

ATHLET-SC simulation results for the two cases in Table 5.1 are shown in Figure 5.4
and Figure 5.5, respectively.

In the supercritical condition, as indicated by the solid lines in Figure 5.4(a) and Figure
5.5(a), when the pressure reduces, the wall temperature drops systematically. The
calculated wall temperature gets good agreement with measurement. Therefore, for a
pressure transient, at supercritical conditions, the predictive capability of the Cheng
correlation with given heat flux!®?], seen in Eq.(2.10), gets proved.

In the subcritical condition, the characteristic of the heat transfer illustrated with
experiments will be discussed firstly. As shown by the solid black line in Figure 5.4(a)
and Figure 5.5(a), a sudden wall heat-up occurs when the pressure crosses the critical
point. The wall temperature keeps increase when the system depressurized in the
subcritical region. While as indicated by experiments, the hot wall could get rewetted
at around 20 MPa in Case 1 and near 21 MPa in Case 2, respectively. Accordingly, the
wall temperature drops to normal level again.

However, ATHLET-SC could not capture the heat transfer behavior in the subcritical
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Figure 5.5.: Simulated results with ATHLET-SC for Case 2
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region accurately. As can be seen from Figure 5.4(a), in the simulation for Case 1, the
wall temperature remains at a low level, and there is no apparent wall heat-up as the
experiment observed. Figure 5.4(b) shows that the simulated heat transfer mode stays
in nucleate boiling region, with the index of heat transfer (HT) mode between twenty
and thirty as ATHLET-SC defined. Further, Figure 5.4(c) plotted the value of CHF
given by ATHLET-SC, which is assigned as the minimum value produced by all eight
CHF correlations. As seen, the predicted CHF decreases during the pressure drops in
the subcritical region. Since the supplied heat flux is always lower than CHF, the HT
mode would not transfer from nucleate boiling to transition boiling. Since the minimum
film boiling temperature is another crucial variable implemented in ATHLET-SC,
which is as the boundary between the transition boiling and film boiling, the
comparison of Typg and the wall temperature are provided in Figure 5.4(d). As
indicated, the Tygp 1s too high to be exceeded by the wall temperature, so the HT mode
will not turn to film boiling regime. Thus, in comparison to the experiment, ATHLET-
SC fails to predict the occurrence of the boiling crisis and the heated wall thus stays at
a low temperature.

As Figure 5.5(a) shows, the simulation for Case 2 displays similar results with that for
Case 1. In subcritical condition, as shown by Figure 5.5(b), the HT mode is in the
nucleate boiling region. Therefore, the simulation does not display a sudden wall
temperature increase after the pressure reduced to subcritical values. Besides, the
variation of CHF and Tygg predicted by ATHLET-SC are shown in Figure 5.5(c) and
Figure 5.5(d), respectively. As seen, the supplied heat flux is lower than CHF. The
heated wall temperature is below Typg. Hence, in the simulation, an apparent
temperature rise of the heated wall is not observed during the depressurization transient.

5.3. Modification of ATHLET-SC

The simulation results given by ATHLET-SC imply that the heat transfer for
supercritical pressures could be well predicted by the Cheng correlation with given heat
flux®?l, While for the subcritical condition, it is confirmed that the prediction is
unreliable since the CHF and Typg are overestimated by ATHLET-SC in the high-

pressure region. Thereby, the heat transfer package in the subcritical condition will be
modified.

CHF models implemented in ATHLET-SC are validated for safety analysis of PWR and
BWR with pressure range below 17 MPa. Besides, as the preliminary simulation shows,
seen from Figure 5.4 and Figure 5.5, even though the smallest heat flux given by the
provided CHF models is used to calculated CHF, the value of CHF is still above the
supplied heat flux. Therefore, the predicted HT mode stays in nucleate boiling region.
The boiling crisis does not occur in the simulation. It proves that out of their validated
pressure range, the predictive capability of CHF models used in ATHLET-SC are not
sufficient. Consequently, the new correlation proposed in the present work, seen
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Eq.(3.38), will be implemented.

Referring to the typical N-shaped boiling curve, the heat transfer condition turns from
nucleate boiling to film boiling regime directly once the CHF is exceeded, unless the
wall temperature could be controlled. Therefore, for the heating process, discussion
about Typp is not necessary. Accordingly, the HT mode in ATHLET-SC would transfer
from nucleate boiling to film boiling directly. Moreover, to simplify the simulation, the
rewetting process is not considered.

Regarding to post-CHF heat transfer, the new PDO heat transfer correlation, Eq.(4.19),
is added. Meanwhile, the selection of post-DNB and PDO is still determined by Eq.(5.1)
according to the void fraction.

To sum up, the modification of ATHLET-SC is carried out in the following aspects,
(@) Implement of the new CHF correlation, i.e., Eq.(3.38);
(b) Implement of the new PDO heat transfer correlation, i.e., Eq.(4.19);

(c) Updating the heat transfer logic, i.e., allowing transfer from NB to FB directly
when CHF is exceeded; and

(d) Exclusion of the rewetting process.

5.4. Simulation of Trans-critical Transient with Modified

ATHLET-SC

With the modified ATHLET-SC, the trans-critical transients are calculated again. As
shown in Figure 5.6(a) and Figure 5.7(a), the wall temperature starts to increase when
the pressure drops to subcritical condition.

Figure 5.6 shows the simulation results of Case 1. Figure 5.6(c) implies that the
predicted CHF increases along the pressure reduction. As seen, the supplied heat flux
is above CHF. The HT mode therefore turns to film boiling. It must be noted that in this
simulation, after the film boiling region encountered, post-DNB heat transfer
correlation is selected by the default logic (see Eq.(5.1)), since the fluid is in high
subcooled condition as indicated in Figure 5.6(b). Accordingly, the comparison of two
post-DNB heat transfer correlations, i.e., Bromley correlation!!?! and Berenson

1071 "is displayed in Figure 5.6(a) in red curve and blue curve, respectively.

correlation!
Obviously, in the subcritical condition, the wall temperature increases systematically
during the depressurization transient, which agrees with the experiment. However, the
wall temperature is overestimated. Predicted by the Berenson correlation!!?’
drastically and reaches up to 800 °C. As a comparison, the new PDO correlation is also
applied for the trans-critical transient, although it is developed for the PDO heat transfer.

The green line in the Figure 5.6(a) indicates that the new PDO correlation also

1 it rises
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106

overestimate the wall temperature. In general, the Bromley correlation!!% provides the

best prediction for Case 1.
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Figure 5.6.: Simulation with the modified ATHLET-SC for Case 1

For the simulation of Case 2, as Figure 5.7(b)-Figure 5.7(c) shows, the variation of
quality and CHF with the system pressure are similar to that for Case 1. Since the CHF
is exceeded, the HT mode transfers to film boiling when the system pressure crosses
the critical point. Consequently, the sudden wall temperature rise is observed in the
simulation. Moreover, in the film boiling region, the wall temperature is also predicted
by post-DNB heat transfer correlation. As the red line and blue line in Figure 5.7(a)
illustrated, the predicted wall temperature is higher than the measurement. The
maximum temperature given by the Berenson correlation!!'®” is even nearly 1000 °C.
Besides, it is interesting to find that the prediction with the Bromley correlation!'%®! is
consistent to that of the new PDO correlation.

In addition, since the rewetting process is excluded in the modified ATHLET-SC code,
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the heated wall would not be rewetted during the depressurization procedure as
observed in the experiment. According to the hysteresis phenomena of the boiling curve,
the rewetting heat flux is usually below CHF. Further research about rewetting is
required in the future.
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Figure 5.7.: Simulation with the modified ATHLET-SC for Case 2

In general, the modified ATHLET-SC could predict the sudden wall temperature rise.
After encountering the film boiling regime, post-DNB heat transfer correlation will be
selected by default as the quality is low. It is indicated that the Berenson correlation!'7!
leads to an ultra-high temperature. The prediction with Bromley correlation!!%! seems
more reasonable but still insufficient. Since the new PDO heat transfer developed in the
present work is for higher equilibrium quality region, it cannot give a reliable prediction
to the current trans-critical depressurization transient.

As discussed before, post-DNB heat transfer experiments for the high-pressure region
is unavailable so far. Therefore, to extend the post-DNB correlation to the high-pressure

88



Modification and Application of ATHLET-SC

region, relative experiments are required.

5.5. Simulation of Steady-State PDO Heat Transfer

Experiment

Since current heat transfer experiments for trans-critical transient is in subcooled
condition, as a supplement, the modified ATHLET-SC is applied to a steady-state PDO
heat transfer experiment at high-pressure condition in order to assess the predictive
capability of the new PDO heat transfer correlation.
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Figure 5.8.: Simulation of the steady-state PDO heat transfer experiment with the
modified ATHLET-SC

The Becker’s PDO heat transfer experiment was carried out with a uniformly heated
round tube of diameter in 14.9 mm and length in 7 m. The experiment with water at
pressure of 20.1 MPa, mass flux of 3079 kg/(m?s), heat flux of 1.112 MW/m? were
simulated by the modified ATHLET-SC. Consequently, the simulation is compared with
the experiment in Figure 5.8. The black dash line illustrates the measured critical quality.

For the simulation, the boiling crisis occurs when CHF is exceeded. Accordingly, the
heat transfer mode turns to film boiling and the wall has a sudden heat-up. It is indicated
that the predicted critical quality is a little bit lower. Therefore, the onset of boiling
crisis predicted by the new CHF correlation is reliable.

According to Eq.(5.1), the Bromley correlation!'?! is used to predict the wall
temperature when the void fraction (the green dash line in Figure 5.8) is lower than

0.75. As seen, it overestimates the wall temperature. The simulation with Berenson
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correlation!'%”) is not exhibited in Figure 5.8 for the predicted temperature is so high
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and out of the property package range. Moreover, the wall temperature drops when the
void fraction becomes over 0.75. It indicates that the wall temperature predicted by
PDO correlation gets better agreement with the experiment as the void fraction
increases. Hence, the selection logic for post-CHF heat transfer provided by Eq.(5.1) is
unreasonable. The void fraction criterion in Eq.(5.1) is thereby discarded. Supposing
only the PDO correlation will be utilized after the film boiling region is encountered,
while post-DNB correlation is abandoned, Figure 5.9 is thereby obtained. The green
line in Figure 5.9 indicates that the simulation with the new PDO heat transfer
correlation gets good agreement with the measurement.
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Figure 5.9.: Simulation of the steady-state PDO heat transfer experiment using the
new PDO heat transfer correlation with the modified ATHLET-SC

5.6. Summary

The system thermal-hydraulic code ATHLET-SC is applied to simulate the trans-critical
transient heat transfer experiments from Hul**..

For supercritical condition, the wall temperature falls with the pressure reduction. The
heat transfer behavior could be well predicted by the Cheng correlation'*?!, Eq.(2.10).
However, as indicated by the preliminary simulation, the original ATHLET-SC code
cannot predict the occurrence of boiling crisis as the pressure passes the critical point,
since such high-pressure subcritical condition is out of the code’s validity range.

Therefore, the new CHF model and new PDO heat transfer model are implemented to
improve the prediction of CHF and post-CHF heat transfer in the high-pressure
condition. With the modified ATHLET-SC, the sudden wall heat-up is observed in the
simulation. After post-CHF regime encountered, the wall temperature increases as the
pressure decreases. For current two experimental cases, since the system quality is low,
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post-DNB heat transfer correlation is selected rather than the new PDO heat transfer
correlation proposed in the present work. However, the wall temperature is significantly
over predicted, which implies the predictive capability of post-DNB heat transfer is not
sufficient. Since post-DNB heat transfer experiment for the high-pressure is unavailable
up to now, a validated model for high-pressure post-DNB heat transfer has not been
updated. Besides, applying the new PDO heat transfer correlation proposed in the
present work, it is found that the predicted wall temperature is still higher than the
measured value. The new PDO heat transfer correlation could not provide a good
prediction accuracy to high-subcooled condition.

In general, the new CHF correlation covers a wider range of quality and could meet the
requirement of the current trans-critical transient experiment cases. However, it is not
the same for the new PDO correlation, which is developed for higher quality rather than
for post-DNB heat transfer. Therefore, further research about high-pressure post-DNB
heat transfer is required in the future.

Additionally, to test the new PDO heat transfer correlation, a steady state PDO heat
transfer experiment with pressure at 20 MPa is simulated by the modified ATHLET-SC.
It implies that the simulation with the new PDO heat transfer correlation is in good
agreement with the measurement.

Besides, due to less knowledge of rewetting process, the trigger of rewetting is not
included in the current work. Hence, the temperature drop following the heat-up is not
observed in the simulation. Related research is required in the future.
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6. Conclusions and Outlook

Supercritical power systems are possible to work under high-pressure subcritical
conditions during some trans-critical procedures, when the system pressure transfers
between supercritical and subcritical conditions. The low value of CHF in the high-
pressure subcritical condition makes the occurrence of boiling crisis easier. Therefore,
it is of great importance to carry out the heat transfer analysis of these trans-critical
transient. For system thermal-hydraulic codes such as ATHLET, RELAPS, although
some of them have been upgraded to the simulation of trans-critical transients, there
remains deficiency of heat transfer models between 15.5 MPa to the critical point.

In the present work, heat transfer model for supercritical pressures, CHF model, and
post-CHF heat transfer model are evaluated. Well validated prediction models are
implemented in the ATHLET-SC code to simulate the trans-critical transient experiment.

6.1. Conclusions

Main conclusions can be drawn in the following aspects.

*  Through literature review, knowledge of heat transfer for supercritical pressures is
updated. It is noted that the heat transfer deterioration (HTD) phenomenon may
lead to drastic temperature increase. Consequently, the recently developed Cheng
correlation(®?! with given heat flux is recommended, for it is based on an extended
databank containing HTD cases and exhibits a better prediction accuracy than
previous correlations. As demonstrated, when the Cheng correlations!®?! is
implemented in ATHLET-SC, the simulated wall temperature agrees well with the
measurement in the trans-critical experiment.

e A CHF databank for high pressure has been established with experiments in
uniformly heated round tubes. Compared against the high-pressure CHF databank
(with reduced pressure above 0.7), existing prediction methods shows insufficient
predictive capability.

* A new CHF correlation is developed based on the high-pressure water CHF
databank. To identify the important dimensionless parameters, sublayer dryout
model is taken into consideration for DNB. While at the dryout point, assume that
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all the supplied heat is applied to evaporate the liquid film. Accordingly, a set of
significant dimensionless parameters are identified. With the group-wise statistic
method, a new CHF correlation is obtained by establishing the function between
Boiling number, Weber number W ey, and quality, and expressed as,

Bo. = f(Wey) - f(xc)

where,

f(Wey) = max (4,4,)

f(x.) = (B; + B, + B3) — max(Bj, B, B;) — min(By, B,, B3)
and,

Ay =7.796 x 1072 - Wey043°

A, = 1.530 X 1073 - Wey, 00803

B1 = 2.156- (1 _ xc)0.688

B, = 1.841 - (1 — x,)%137

B; = 0.672 - (1- xc)0.219

The new CHF correlation achieves mean error of 2% and RMS error of 37.4% in
comparison with test data. The validity range of dimensionless parameters is,

Wey: 5.43x 10% ~ 2.67x 10°,
x.: -1.768 ~ 0.955.

The new CHF correlation shows a good prediction accuracy for R12 and CO2
experiments as well. For the high-pressure R12 CHF databank, the mean error and
RMS error of the new CHF correlation are 2% and 33.3%, respectively. When
applied to high-pressure COz, it obtains mean error of 6.8% and RMS error of
30.4%.

Based on PDO heat transfer experiments with high-pressure water flowing in
circular tubes, it is indicated that existing prediction methods of PDO heat transfer
could not provide a satisfying predictive capability.

A new PDO heat transfer correlation is developed using PDO heat transfer
experiments in uniformly heated round tubes with water as coolant:

Nu = F; - F, - F; - (0.023ReEPr0%)
with,

F, = 8.346 x 107%3Re231°

F, = max (0.795Pry"7°2,0.809Pr5287)
F; = min [0.715(1 — x,)~%678,1.0]

The new PDO correlation has the range of validity:
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Repp: 9.91 x 104~ 1.78 x 10°,
Priy: 0.89 ~ 2.46,
Xo: 0.001 ~ 0.999.

The new PDO heat transfer correlation gets mean error of 2.3% and the RMS error
of 17.6% for the high-pressure water databank.

The new PDO heat transfer correlation is well validated by the high-pressure CO2
databank, with mean error 7.9% and RMS error 28.9%. Moreover, it obtains mean
error and RMS error of -1.5% and 20.3% for the non-uniformly heated water
databank, mean error 2.7% and RMS error 19.4% for the uniformly heated R134a
databank, respectively.

The STH code ATHLET-SC is modified by implementing the new CHF correlation
and new PDO heat transfer correlation. As indicated by the simulation of the trans-
critical depressurization transient with the modified ATHLET-SC code, the wall
heat-up is observed when the pressure passes the critical point and the heated wall
temperature keeps increase as the pressure falls in the subcritical condition, which
is the same to experimental results. However, in the post-CHF region, the wall
temperature is overestimated by the new PDO correlation since the experiment is
in subcooled condition but out of the validity range of the present PDO correlation.

6.2. Outlook

The present work developed CHF model and PDO heat transfer model for the high-
pressure condition. However, there are still some works related to the trans-critical

transient should be carried out in the future:

Post-DNB heat transfer experiments in the high-pressure region,
Trans-critical transient experiments with higher outlet quality, and

Further research about rewetting.
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Appendix
A. High-Pressure CHF Prediction Methods

A.1. Miropol’skii Correlation!'"*!

0.174 /¢y Toar\*® o
( p,L sat) KOA- ll — 045 (&) Xclrxe < 0 (Al)

el ) 3600\ Hyy, Pv

opLHvL | 0.174 /cpp Tear\
: K41 — x)" x, = 0
3600 ( Hyp ) (1 = %)™ %e
Where,
_(Gu\ (P02

K - (opL) (pv)

0.8,K < 0.016
n = {50K,0.016 < K < 0.06

3,K > 0.06

A.2. Levitan Correlation!''!

G 0.68Pr—1.2x.—0.3 0.008 0.5
e = 105(10.3 — 17.5P. + 8.0P?) (m) exp(—1.5x.) (T)
(A.2)
A.3. Chernobai Correlation"?!
(B + XN, )2 <0
0 X
o0y 1oy, Doy W Ren) S0
ReLPTL HVL NUL zchuL )
Bo + , Xe =
l Re; P,
where,
Db, \05
D, =10 (0.004) ’
NuL — (g)ReDPTL

1.07+12.7(§)0'5< Pr§—1 )
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f =[1.58In(Re;) — 3.28] 2

A.4. Chen Correlation®"

[1 - 000216(GHVL)025] (1 - xC)GDhHVL

dc = 4L
A.5. Becker Correlation!®!
G (450 + AH; P 2
qc = (L m) 102 (F - 0.54) l
40 2 + 1566045 r

Dy

A.6. Hall Correlation!™

pL\ 0644 pL\ 0724
Bo = 0.0722We %312 (—) [1 - 09 (—) xcl
Pv Pv

A.7. Lombardi Correlation!®

GAH,,
4c = 05
L 0.5G?2
4|o-+2 ( ) gt
Dy PL h

A.8. Kariya Correlation!®

(Bopl,Bopl > Bog,

Bop,, Bop; < Bog, and Bog, = Bop, and Bog, = Bop;

Bo = 4 Bog,, Bog; < Bog, and Bog, = Bop; and Bog, < Bop,
lBoDZ,Bopl < Bog, and Bog, < Bop, and Bop; = Bop,
Bop, Bog; < Bog, and Bog, < Bop; and Bop; < Bop,

Where,

—10.6(x. — 0.1), for R22 and R134A

x 10* =
Bog, x 10 {—18.1(9(C — 0.1), for water

Bop, x 10* = —5.43 (%)—0.47 (M)o.osz (Q)o.os %o+ 5.17 (&)—1.87 (%

G?Dp KL pv

—0.64 5 10-39 0.36
Bop, x 10* = —1.62x. + 5.13 (ﬂ) (”L ) (ﬁ)

2
Py G"Dy, Hy,

(A4)

(A.5)

(A.6)

(A.7)

(A.8)

)0.35 (GDh)0'3
UL

98



Appendix

0.83 25
4 _ Py 1_
Bop, x 10* = 4.74 (pv) X, (x 1)

C

A.9. Vijayarangan Correlation™

o —0.133 p. G 1/3 1
Bo = 0.0051 <_L> (L) x | ——————— | P0147Re025 (A.9)

2
Py G°L 1+ 0.0031Di
h

A.10. Shah Correlation®
Bo = Fg - K - Bo, (A.10)
Where,
Fg = max (154 — 0.032-=,1)
h

Bo, = max (15Y7%612 0.082Y~°3(1 + 1.45P403),0.0024Y°105(1 + 1.15P339))

Y = Gl.SDO.G ( ‘p ) (#L)0'6
b \awpf2g%4) \uy

—0.29 _ _ c
xX.<0,FK=F; [1 + (F3 1)(Pr 0.6)]

0.35
(1-F,)(Pr—0.6)]P
xe > 0,F = Fy |1 - S22
_ {0, P, <0.6
“=lL,r>06
0.833x

Fy = (125 x17)

. {o, P. <06
1,P.> 0.6

B {1 + 0.0052(—x288)Y%41 Yy < 1.4 x 107
1714 0.0052(—x288) (1.4 x 107)%41 Y > 1.4 x 107

= {Fl—OA-Z’Fl < 4
27 10.55F, >4

99



Appendix

B. Chauvenet’s Criterion

n 2 3 4 5 6 7 8 9 10 12 14

T(n) .15 1.38 | 1.54 | 1.65 | 1.73 | 1.8 | 1.86 | 1.92 | 1.96 | 2.03 | 2.1

n 16 18 20 22 24 26 30 | 40 50 | 100 | 200

T(n) |215| 22 224228231 |235(239| 25 |258| 2.8 |3.02

n: total number in the tested group

T(n): maximum acceptable value
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C. Details of the CHF Data Bank

P, MPa G, kg/m? Dy, m Xe, - qc, kW/m? Py, -

No. of
Reference Fluid data points min max min max min max min  max min max min max
Becker,19711%]  water 571 16 20 156 6907 0.0100 0.0100 -0.866 0.955 135 3679 0.73 0.91
Smolin, 196514 water 43 17.7 19.6 600 4700 0.0104 0.0104 -0.090 0.450 700 1860 0.80 0.89
Hein, 1979111 water 24 174 215 472 2535 0.0140 0.0140 -0.580 0.660 260 610 0.79 0.97
Becker, 198321 water 168 159 203 497.8 3106.5 0.0100 0.0247 0.027 0.612 146 1240 0.72 0.92
Chen, 201707 water 31 183 20.2 460 3928.5 0.0046 0.0109 -1.716 0.270 935 7770 0.83 0.92
Chen, 2016151 water 21 183 20.2 1140 3928.5 0.0046 0.0109 -1.768 -0.332 1840 7310 0.83 0.92
Herkenrath, 196711671 water 118 17 21.5 700 3500 0.0100 0.0200 -0.924 0.474 200 1600 0.77 0.97
Kiameh, 1986181 water 4 172 20 394 1982 0.0019 0.0100 -0.538 0.360 848 2839 0.78 0091
Epstein, 1956!1%°1  water 58 17.2 19.0 1844.5 37839 0.0191 0.0191 -0.395 0.044 2082 6056.8 0.78 0.86
Peskov, 19691'7%  water 119 16 20 594.44 54444 0.0080 0.0085 0.000 0.334 6129 3582 0.73 0091
IATF, 2019371 water 161 16 21.5 283 3500 0.0051 0.0200 -0.961 0.574 151 1800 0.73 0.97
Thompson,19641711 water 166 15.5 20.7 793.4 3879 0.0019 0.0036 -1.131 0.047 1104 6592 0.70 0.94
IATF, 201937 R12 1140 29 35 121 10440 0.0030 0.0158 -0.745 0.902 18 991 0.70 0.85
Eter, 2017U!%1  CO: 28 6.19 7.05 494 2041 0.008 0.008 -0.771 0.294 53.6 2252 0.84 0.96
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D. Details of PDO Heat Transfer Prediction Methods

D.1. Miropol’skii Correlation!'"’!

0.8
Ay |GD
h=00232Y "2 x, + 21 —x) )| Prosy (D. 1)
Dy | uv L
where,
0.4
=1- PL _ _ . )04
Y=1-01 (pv 1) (1-x)
D.2. Slaughterbeck Correlation!'*!
1 GD 0.838
h=1.604x 1074 [ «, +'D—V(1 — Xe)
Dy | uy PL
D.2)
—-0.508
- Pr®1(q x 3.155)0278 (—V)
Ac
where,
A¢ 1s the thermal conductivity at the critical point.
D.3. Swenson Correlation!'*¢!
Ay |GD o
h=0076-Y |20 v, Xe + p—v(l — Xe) Pro* (D. 3)
Dy | pw pv PL
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E. Reliability Check and Details of PDO Heat Transfer

Experimental Databank

E.1. Reliability Check

Duplication check is carried out with the following criterion,

(|P; — P;| < 0.01 bar
|G; — G;| < 0.01kg/(m?-s)
|Dy; — Dy j| < 0.01 mm
|%e; — xe,j| < 0.01
la; — q;] < 0.01 kW/m?
hm; — Am,j| < 0.01 kW/(m? - °C)

(E. 1)

As for reproducibility check, the distance between the reference point
i(P;, Gy, Dy, Xe i, G hin,i) and the tested data point j(P;, Gj, Dy, j, Xe j, G, ,j) Will be
given by,

12 = APE + AGE + ADE; + AxZ; + Aq?, (E. 2)

When 7;; is below 10%, the tested data point will be regarded as an adjacent point to
point i. For the group of point i, the weighted average and deviation of the heat transfer
coefficient will be expressed as,

Wj = Wjp*WjG Wjp, " Wjx, " Wjh, (E.3)

k+1
— i=1 thm']
hmi = o (E. 4)

j=1Wj

k+1 T )2
iz — j=1 ](k:f;’] m.l) (E 5)
j=1

Wj

The standardized deviation 7 between the weighted mean heat transfer coefficient f_lm,i
and the reference data point h, ; will be calculated by,

(E. 6)

Compare t with the corresponding value in the table of Chauvenet’s criterion (see
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Appendix B) and decide whether the datapoint should be discarded or not.

E.2. Parameters of Water PDO Heat Transfer Databank

P G D q Xe Tw — Ts

Parameters [MPa] [-] [kg/(m*s)] [mm] [kW/m?] [-] [°C]

Herrkenrath!'®”)  14.00 0.635 700.0 10.0  250.0 0.001 30.1

(N=1201) 21.50 0.974  3500.0 20.0 1800.0 0.999  238.7
Bishop!®’! 16.62 0.753 1356.2 2.5 662.0  0.070 14.4
(N=74) 21.51 0975  3377.0 5.1 1923.0 0920  259.6
Swenson! 3! 20.68 0.937 949.4 10.4  290.0 0.080 8.7
(N=109) 20.68 0.937  1356.2 10.4  573.8 0980 130.3
Becker!'?] 298 0.135 496.3 10.0 147.0  0.013 9.0
(N=8518) 2030 0920 31129 247 1295.0 0999  499.7
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