hCcCL/ L! |

e

ECE&SMART PROJECT

Joint European Canadian Chinese development of Small Modular Reactor Technology

Grant Agreement Number: 945234
H2020 7 NFRP-2019-2020

Start Date of the Project: 1/09/2020
Duration: 54 Months

D3.5 Report on CFD modelling and simulations in
Deliverable Title: corroded environment under supercritical conditions

Lead party: 16-KIT

Il van Otic (KIT), Attila Kiss
Z®n- Bertesina ( BME)ViadisBnaHilcha s
Author(s): (IPP), Yuliia Filonova (IPP), Haipeng Li (KTH), Henryk Anglart
(KTH), Andrea Pucciarelli (UNIPI), Sara Kassem (UNIPI),
Walter Ambrosini (UNIPI), Yuhao Xu (UoN), Jie Zhu (UoN)

Participant(s): KIT, UNIPI, BME, IPP, KTH, UoN

Due Date: 31/08/2024

Version Number: 0.2
Approved by: Coordinator

Date: 15.11. 2024

Dissemination level
PU Public X

CO Confidential: only for ECC-SMART Partners
(including the Commission Services)
EU-RES | Classified Information: RESTREINT UE*

EU-CON | Classified Information: CONFIDENTIEL UE*

EU-SEC | Classified Information: SECRET UE*
*Commission Decision 2005/444/EC

b [,



ECC-SMART Project

D3.5 Report on CFD modelling and simulations in corroded environment under

supercritical conditions

Document History i Version Control

hCCL/ L!

|{9

? smart

Version | Issue Date | Stage Description of Changes Contributor
0.1 September | Draft Version | First integrated version KIT, UNIPI,
25. 2024 BME, IPP,
KTH, UoN
0.2 November Final version | Final version with all changes | KIT, UNIPI,
13. 2024 integrated BME, IPP,
KTH, UoN
Project information
Project acronym: ECC-SMART

Project title: Reactor Technology

Joint European Canadian Chinese development of Small Modular

Grant Agr een945234
Start date: 1.9.2020
Duration 54 months
Framework Programme for Research and Innovation (2019-2020)
Programme:

under the call NFRP-2019-2020

Coordinator: Centrum VI z k u mu

feg, s.

(Czech

Document information

Work package: WP3 - Thermal Hydraulics and Safety of the SCW-
SMR

Contractual Date of Delivery: 31.08.2024

Actual Date of Delivery to the EC: | 15.11.2024

Document type: Report

Dissemination level: Public (PU)

Number of pages: 296

Abstract:

This deliverable reports on developing and validating Computational Fluid Dynamics (CFD)
modelling for supercritical water small modular reactors (SCW-SMR), particularly focusing on
corrasive environment conditions. The work was conducted under Task 3.3 of Work Package

3 (WP3).
Key contributions include:

1 Development and implementation of heat transfer correlations and CFD
models by UNIPI, CNL, BME, IPP, and UoN, with validation against

experimental data;

1 Enhancement of engineering models for turbulent heat transfer under

supercritical conditions by IPP;

1 CFD modelling of heat transfer along corroded rough surfaces by KTH and

UNIPI, with validation using CO2 and R134a experimental data;

1 Advanced RANS modelling of turbulent heat and mass transfer by UoN and
UNIPI, particularly focusing on surface roughness effects.
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The research demonstrates significant progress in predicting heat transfer behaviour in
supercritical water conditions. However, some models require further refinement for improved
accuracy, particularly in cases involving surface roughness and heat transfer deterioration.
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Executive Summary

Within WP3, Task 3.3 fiDevel op-psabchanna-radd CFDaqode® v e me r
for SCW-SMR" aims to validate and demonstrate the applicability and limitations of system-,
subchannel- and Computational Fluid Dynamics- codes, which will be applied to design, safety

and licensing.

This deliverable presents the results in Computational Fluid Dynamics (CFD) modelling and
simulation applied for corrosive environments under supercritical conditions as well as for the
operating conditions of the proposed SCW-SMR design. The results for the development and
improvement of system-, subchannel- are reported in other deliverables of the WP3.

The Task 3.3. includes the following sub-tasks which are completely or partially dedicated to CFD
analysis and modelling:

3.3.1. Contribution to establishing heat transfer correlations and CFD models appropriate for
postulated operating conditions (Contributors: UNIPI, BME, IPP, UoN)

The University of Pisa (UNIPI) engaged in subtask 3.3.1 by conducting various activities
to enhance understanding of the key phenomena involved in predicting fluid dynamics and
heat transfer at supercritical pressures. This involved using a CFD RANS model
established in prior activities (Pucciarelli et al., 2016) that turned out to be useful as a
basis for discussion of observed phenomena and to reveal and explain trends which are
also observed in experimental data. In addition to this activity, UNIPI performed a
comprehensive study of existing heat transfer correlations, assessing their effectiveness
in predicting two sets of experimental data taken as reference, the CO2 ones by Kline
(2017) and the water ones by Watts (1980).

The research group at the Budapest University of Technology and Economics (BME)
conducted comprehensive CFD analyses using ANSYS CFX to study supercritical water
flow in nuclear fuel assemblies. The methodology progressed from simple geometries with
smooth tubes, to complex configur at i ons (212 rod bunéeéMRfeel and h
assemblies). Model validation is utilized within the IBSCTH international benchmark
activity. IBSCTH was organized by the National Power Institute of China (NPIC) and Xian
Jiao-Tong University, China and was also part of the ECC-SMART project cooperation.
The study finally resulted in coupled CFX-Serpent Monte Carlo simulations of horizontal
SCW flow in fuel assemblies, including variants with wrapped wire spacers.

IPP's contribution to Subtask 3.3.1 is focused on enhancing the predictive capabilities of
CFD methods for modelling supercritical fluid behaviour. The work progressed through
several stages: first analysing existing experimental studies, then testing various
turbulence models with wall functions and low-Reynolds effects. Based on these findings,
the research advanced to adapting temperature wall functions and modifying the eddy
viscosity turbulence model to account for non-linear heat transfer effects. These
developments were validated using a novel non-linear differential method, developed as
part of the ECC-SMART project at IPP.

University of Nottingham (UoN) performed a numerical investigation to validate
computational fluid dynamics (CFD) capabilities for supercritical water applications. The
study first reproduced the experimental results by Huang et al. (2022) using ANSYS
FLUENT to show the capability of commercial CFD code to predict the flow and heat
transfer of supercritical water. Building on this validation, the research extended to CFD
analysis of heat transfer characteristics of supercritical water flowing through a horizontal
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rod bundle with heated fuel rods, providing insights into nuclear reactor thermal-hydraulic
performance.

3.3.3. Investigation and implementation of heat transfer correlations (Contributor: CNL)

The friction correction factors have been implemented in an interim version of the
subchannel code ASSERT-PV to assess their impact on pressure drop prediction. The
results showed that a correction factor reduces the uncertainty of the ASSERT-PV SC
predictions for pressure drop. This is more pronounced for cases close to the critical or
pseudo-critical point. For further improvement an oxide layer growth model for the
proposed cladding materials by Guzonas et al. 2018 is implemented and validated.

3.3.4. Improvement, implementation and validation of engineering models for turbulent heat
transfer under supercritical conditions (Contributor: IPP)

This work summarizes research on enhancing engineering models for turbulent heat
transfer under supercritical conditions, conducted at IPP within the ECC-SMART project.
The study focuses on two main approaches: adapting universal wall functions (UWFs) for
heat transfer deterioration (HTD) prediction and developing a modified eddy viscosity
turbulence model incorporating Popov's theory and density pulsation corrections. The
resulting non-linear algebraic turbulence model, which accounts for gravity force and
turbulent effects, was implemented in a 2D differential procedure (Narrow Channel model)
due to its recursive nature making standard CFD implementation challenging. Validation
against CO2 experimental data demonstrated accurate prediction of wall temperature
peaks in both location and magnitude, outperforming standard RANS turbulence models.

3.3.5. CFD modelling and validation of supercritical water heat transfer along corroded rough
surfaces (Contributors: KTH, UNIPI)

University of Pisa (UNIPI) focused on the development and validation of a CFD model to
predict heat transfer along rough surfaces under supercritical pressure conditions. The
model was validated against two distinct experimental datasets: one utilizing CO2 flow in
a vertically heated tube (Kassem et al., 2023) and another employing Freon R134a under
similar conditions (Kassem et al., 2025). Results demonstrated the model's capability to
effectively capture wall roughness effects on heat transfer, particularly at higher
roughness values, though some discrepancies were observed at lower roughness levels.
These discrepancies could potentially be addressed through finer calibration when a
broader range of experimental conditions becomes available. As part of the ECC-SMART
project, the University of Pisa's model was recently applied to analyse experimental data
collected by KIT using R134a as a working fluid at supercritical pressure.

Royal Institute of Technology (KTH) developed numerical models to predict supercritical
heat transfer along rough corroded surfaces using RANS CFD with specialized wall
treatments. Two low-Re turbulence models are formulated with modified source terms and
boundary conditions for turbulent kinetic energy and dissipation. These models, based on
low-Re k- SST modelling approach, are validated
supercritical CO2 and R134a, showing good agreement in predicting both heat transfer
deterioration and enhancement due to surface roughness. While promising for thermal-
hydraulic design of SCW-SMRs, further refinement is needed to improve prediction
capabilities.
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3.3.6. Two and more equation RANS modelling of turbulent heat and mass transfer
along corroded surfaces (Contributors: UoN, UNIPI)

At the University of Nottingham (UoN) CFD simulations using the k< SST tur bul e
model were performed and validated against experimental data for supercritical water flow

in tubes. The model accurately predicted flow behaviour at 23 and 25 MPa. Results
demonstrated the impact of the roughness constant (Cs) on heat transfer predictions.

While non-uniform rough tubes exhibited higher friction factors than uniform ones, the SST

k-¥ model outperformed botlh nsotdaenldsaridn acnalp tbuuroiyn
effects and overall flow characteristics, particularly due to its superior handling of surface
roughness impacts.

The work performed at UNIPI presents a CFD modelling approach developed for
analysing oxygen, hydrogen, and corrosion product transport in supercritical water
conditions. Building on previous heat transfer studies, the AHFM model developed at

UNIPI employs passive scalar transport in STAR-CCM+ to simulate mass transfer
phenomena. The preliminary results suggest the potential of the developed model for
predicting complex mass transport behaviour in SCWR cores, particularly considering

material diversity and turbulence effects from structural components.
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1 Introduction

The ECC-SMART project seeks to establish the design requirements for Small Modular Reactors
(SMRs) utilizing Supercritical Water Reactor (SCWR) technology. The SCWR reactor concept,
was primarily focused on large-scale reactors over the past few decades. Reviews of these
SCWR concepts have been documented in literature (see Pioro and Duffey, 2007; Oka et al.,
2010; Schulenberg and Starflinger, 2012) and in IAEA technical documents resulting from
Coordinated Research Projects (IAEA 2014; IAEA 2019a; IAEA 2020a). Recently, SMRs have
gained significant attention within the nuclear community due to their potential advantages (IAEA
2020b). Their lower power levels could reduce the consequences and likelihood of severe
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accidents. Additionally, the modularity of SMRs, allowing partial construction in workshops and
on-site assembly, could reduce economic risks and offer greater flexibility in adapting to future
electrical grids dominated by renewable energy sources. These benefits align well with the
inherent advantages of SCWR technology, such as higher core outlet temperatures compared to
current Light Water Reactors (LWRS), leading to increased energy conversion efficiencies (see
Pioro and Duffey, 2007; Schulenberg and Starflinger, 2012). Moreover, the more compact design,
enabled by a direct cycle, promises to reduce overall plant costs.

Work package three (WP3) is focused on thermal-hydraulic investigations related to the design
and safety of the SCW-SMR. The knowledge and experience gained from these developments
will support the design specifications and optimization of the SCW-SMR proposed in this project.

Main Objectives of WP3:

T Building on the existing results and experience, the first objective of this work package is
to conduct further system design analysis and develop a joint design requirement
document which will serve as the foundation for future conceptual design efforts.

1 Surface-Coolant Interaction and Corrosion Prediction: The second objective is to analyse
and model the interaction between the surface and coolant to predict corrosion under
supercritical water conditions. Corrosion is a critical challenge identified within the
Generation IV Supercritical Water-Cooled Reactor (SCWR) framework. Accurately
predicting corrosion rates under both nhominal operating and upset conditions is essential.
This work package will generate new experimental data and direct numerical simulations
(DNS) of turbulent heat and mass transfer along corroded surfaces. This will include
leveraging proven methods for predicting rough surface behavior using accurate RANS
turbulence models. The resulting extended database will be used to analyze, develop, and
validate models for turbulent heat and mass transfer in both corroded and non-corroded
environments. This objective is closely linked with WP2.

1 Thermal-Hydraulic Phenomena Investigation: The third objective is to conduct numerical
and experimental investigations of thermal-hydraulic phenomena relevant to the safety
and feasibility of the SCW-SMR. This includes developing and refining numerical tools
used in engineering environments. Specifically, the focus will be on fast transients (such
as those occurring in Loss of Coolant Accident (LOCA) conditions), improving heat
transfer correlations for system codes, and enhancing and validating turbulence heat
transfer models for Computational Fluid Dynamics (CFD) codes.

The overarching goal of this work package is to enhance and provide the scientific
foundation necessary for the design and safety demonstration of the SCW-SMR concept.

Within WP3, the Task 3.3 fiDevel-pgubnennel- andnGiFD-
codes for SCW-SMR" aims to validate and demonstrate the applicability and limitations of system-
, Subchannel- and Computational Fluid Dynamics- codes, which will be applied for design, safety
and licensing. This deliverable presents the results in Computational Fluid Dynamics (CFD)
modelling and simulation applied for a corrosive environment under supercritical conditions. The
results for development and improvement of system-, subchannel- are reported in other
deliverables of the WP3. The Task 3.3. includes the following sub-tasks which are completely or
partially dedicated to CFD analysis and modelling:

3.3.1. Contribution to establish heat transfer correlations and CFD models appropriate
for postulated operating conditions UNIPI, BME, CNL, IPP, UoN, NPIC

mpr o
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3.3.3. Investigation and implementation of heat transfer correlations (CNL)

3.3.4. Improvement, implementation and validation of engineering models for turbulent
heat transfer under supercritical conditions (IPP)

3.3.5. CFD modelling and validation of supercritical water heat transfer along corroded
rough surfaces (KTH, UNIPI)

3.3.6. Two and more equation RANS modelling of turbulent heat and mass transfer
along corroded surfaces (UoN, UNIPI)

This report summarizes the activities within Task 3.3 on CFD modelling and simulations in the
corrosive environment under supercritical conditions.



hCCL/ L! i

ECC-SMART Project

D3.5 Report on CFD modelling and simulations in corroded environment under
supercritical conditions

Related documents

Dissemination Level: PU
Date of issue: 15/11/2024

@ smart

25



hccL/ L' [ ! ¢{

9 h
ECC-SMART Project - ECCt
 smar

D3.5 Report on CFD modelling and simulations in corroded environment under m
supercritical conditions

b[, «

2 Subtask 3.3.1 Contribution to establish heat transfer correlations and
CFD models appropriate for postulated operating conditions

2.1 CONTRIBUTION BY UNIPI
2.1.1 Introductory remarks

The University of Pisa contributed to subtask 3.3.1 by different activities that were aimed at
improving the understanding of the main phenomena involved in the prediction of the fluid-
dynamic and heat transfer behaviour of fluids at supercritical pressures. This heavily involved the
use of a CFD RANS model set up in previous activities (Pucciarelli et al., 2016) that turned out to
be useful as a basis for discussion of observed phenomena and to reveal and explain trends also
observed in experimental data. A parallel activity developed in this frame is related to the study

of existing heat transfer correlations, assessing their effectiveness in predicting two sets of

experimental data taken as reference, the CO; ones by Kline (2017) and the water ones by Watts

(1980).

In order to introduce the work done in this frame in its rational and chronological
development, a list of the main steps performed is reported hereafter, with reference to the main
journal, internal report and conference publications which resulted from it.

1 A starting point was the work on a similarity theory, which had been set up and validated
before the start of the ECC-SMART project (Pucciarelli and Ambrosini, 2016; Pucciarelli et
al., 2020; Pucciarelli and Ambrosini, 2020; Kassem et al. 2021). The theory was anyway used
and better assessed in different steps during the ECC-SMART project (Kassem et al., 2021a;
De Angelis et al. 2021; De Angelis, 2021; Pucciarelli et al., 2021; Pucciarelli et al., 2021a;
Pucciarelli et al., 2021b). This work suggested the most important dimensionless parameters
to be used for imposing fAsimilardo boundary conc
to obtain fisi mi |l ar 0 nahAsastch, ttsr develspment wap hirmed dome
understand which dimensionless numbers were best suited to represent the relevant
phenomena, for instance in engineering correlations, thus paving the way to further
considerations on correlation adequacy. The methodology heavily relies on the use of RANS
models to obtain its conclusions, so that many of the achieved results require a reasonable
prediction of reference experimental data.

1 Inthe wake of developing the mentioned fluid-to-fluid similarity theory, a line of research was
started for the first time at the University of Pisa, in the frame of both the ECC-SMART project
and the doctoral work of Dr. Sara Kassem (Kassem, 2024). In particular, an internal University
of Pisa report (Kassem et al., 2022) identified more than 60 existing correlations and adopted
specifically developed computational tools to test the validity of their classical forms in front of
a database of more than 33,000 data extracted from the ones by Kline (2017) and Watts
(1980). In this frame, in the aim to establish a better methodology of correlation assessment,
two different ways of correlation assessment w
Aprediction modeo; the for mer relies on the e
adopted whenever needed in the right hand side dimensionless groups of a correlation, while
the latter instead adopts an iterative procedure to obtain a more correct assessment by
identifying values of wall temperature coherent with the correlation itself. To support these
analyses, a technique for evaluating the residual of the difference between the experimental
Nusselt number and the one identified by a correlation as a function of wall temperature
helped in identifying possible branches of the zero locus, which can give rise to multiple
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solutions, a problem already identified by some previous literature works. In addition to the
mentioned University of Pisa internal report, this work resulted in a publication at an
international conference (Kassem et al., 2022a) and in a joint archival publication co-authored
with BME (Hungary) and IPP (Ukraine) highlighting the need for a better methodology for
assessing heat transfer correlations (Varju et al., 2024), capable to highlight what the
coll eagues by | PP named thresdeg@gree of fnAco

1 CFD analyses had also an important role in the work that the University of Pisa performed in
the frame of the ECC-SMART project to identify different modes of heat transfer deterioration
(HTD). In particular, the analysis of experimental data, e.g., those by Watts (1980) and Kline
(2017), reveals at least two modes of deterioration:

o0 a local deterioration, often occurring close to the inlet of a heated section, to be
ascribed to the deformation of the velocity profiles owing to the effect of mixed
convection that leads to laminarisation, then finding a heat transfer recovery owing to
the formation of an M-shaped profile restoring turbulence production;

0 a more stable deterioration pattern that, after the onset of the wall temperature
excursion due to laminarization, gives rise to the transition to a higher wall temperature
manifold at which the system stabilizes after oscillations up to the point in which heat
transfer restoration may get in, owing to the transition of the bulk fluid to gas-like
conditions and a more reduced effect of buoyancy.

The two phenomena, once identified, were dealt with by two different techniques. The former
was treated by the use of shape functions, to be trained over specific target heat transfer
conditions, which simulate the different levels of the observed peaking trends on the basis of
a shape function blending algorithm (Pucciarelli and Ambrosini, 2022). The latter mode of
HTD suggested to dust off a treatment already proposed at the University of Pisa in previous
work (Sharabi and Ambrosini, 2009) to suggest the use of pseudo-Nukiyama curves that, in
similarity with the well-known counterpart at subcritical pressure, may allow to describe these
deterioration phenomena in both heat flux and wall temperature controlled heat transfer
cases.

1 In addition to the above developments, the University of Pisa was also involved in the CFD
benchmarking activity proposed by NPIC in the frame of the IBSCTH exercise and already
reported in deliverable D3.2 of the ECC-SMART Project.

The above described developments will be summarised in the following subsections, highlighting
the original aspects and the advancements in knowledge experienced in the frame of the ECC-
SMART project, aming to improve the state-of-the-art in the field. The already issued internal
University of Pisa report by Kassem et al. (2022) will be the source of a large part of the material
reported herein.

2.1.2 General considerations on heat transfer at supercritical pressure

Heat transfer to supercritical pressure fluids presents a known complex behaviour stemming from
the changes in fluid properties experienced at supercritical pressure, which have no counterpart
in single-phase fluid conditions at subcritical pressures. Reviews of the available related
experimental information and correlations is provided in several past references, including a well-
known textbook by Pioro and Duffey (2007) and a document by Cheng and Schulenberg (2001)
issued in the frame of a previous European project. More recent reviews (see e.g., Li et al., 2019)
though other ones are available) have been also produced providing interesting suggestions

hb[,
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about the present status of correlation accuracy from the quantitative and also the
phenomenological points of view.

The occurrence of phenomena | ike heat
strongly complicates the behaviour of fluids at supercritical pressures, especially when they
approach the pseudo-critical temperature, being the condition at a given pressure at which the
specific heat shows a maximum which is larger the closer the operating pressure is at the critical
value. The trends of properties of water and CO: at two relevant pressures for the experimental
data considered in this report are shown in Figure 1. As it can be easily understood, the change
from Aliikewi-ldtiok efidgadsensi ti es may introduce in
and acceleration, which have a strong effect on turbulence production and heat transfer.
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Figure 1. Trends of relevant properties of water and CO. at two relevant pressures for the data
considered in the present report

The two above considered pressures have been selected and will be mainly referred to herein

because they are of r el evanc(®980)andKlimexX20l&)rtdkenant a l

reference for correlation development and assessment. In addition, 25 MPa represents for water
the targeted pressure for many design concepts of Supercritical Water Reactors (SCWRs, in
short), a Generation IV concept (see the website of the Generation 1V International Forum) making
use of water at supercritical pressure as a coolant and moderator. These reactors are based on
conventional Light Water Reactor (LWR) technology and aim at achieving higher energy
conversion efficiencies and lower costs, owing to higher operating temperatures and a rather
compact design. Information on such plant concepts can be found in classical textbooks (see e.g.,
Pioro and Duffey, 2007; Schulenberg and Starflinger, 2012); additional information on plant
concepts, together with the collection of relevant recent data on phenomena involved in reactor
design are reported in the TECDOCSs issued in the frame of two Coordinated Research Projects
of IAEA which paved the way for present studies (IAEA 2014, 2019, 2020). The ECC-SMART
Project, aiming to lay down the basis of the pre-conceptual licensing of a Small Modular Reactor
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based on this technology, is inheriting prior work on the subject and aiming to further develop it
in its specific aims.

As anticipated, the reason for the mentioned complexity of heat transfer behaviour
exhibited by supercritical pressure fluids is definitely to be attributed to the huge changes in fluid
thermodynamic and thermo-physical properties whose examples were shown in Figure 1.
Especially when the wall temperature is larger than the pseudocritical threshold and the bulk one
keeps below it, the conditions of the fluid at the wall may be strongly different from the ones in
bulk, causing the flow at supercritical pressure to closely resemble the one that can be obtained
at subcritical pressures in some two-phase flow conditions. In fact, except for the absence of any
interface between the heavy and the light phases, there is a strong similarity in behaviour with
some regimes occurring in two-phase flow and the ones at supercritical pressure when a low
density fluid is wetting the wall. Indeed, similarities between supercritical pressure flow
phenomena and two-phase flow ones do exist at the level of both flow instabilities (Ambrosini,
2007) and heat transfer. For the latter aspect, an interesting presentation of early considerations,
includi ngwoppasedomodel so, i s pr oHswand Grahanm (19C&)
though the presence of deteriorated heat transfer is there attributed also to buoyancy and
acceleration effects, in agreement with what proposed by Jackson and Hall at the University of
Manchester in several works (see, e.g., Jackson and Hall, 1979).

A phenomenological similarity between heat transfer deterioration and the critical heat flux
phenomena at subcritical pressure was pointed out also in (Sharabi and Ambrosini, 2009)
displaying computed heat transfer deterioration data in the form of a pseudo-Nukyiama curve
(see Figure 2). Evenin that case it was clear, on the basis of computed data, that the phenomenon
at the root of the decrease in heat flux at the crossing of the pseudo-critical temperature at the
wall was mainly the effect of flow laminarisation due to turbulence generation decrease, as
suggested by Jackson and Hall (1979) This aspect is being presently reconsidered as a way to
interpret the sharp transitions in wall temperature occurring when deterioration occurs, in view of
the repeated damped oscillations observed in this parameter in many experimental trends.
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Figure 2. Pseudo-Nukiyama curve proposed to display deteriorated heat transfer phenomena in
Sharabi and Ambrosini (2009)
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The particular attention devoted to the data by Watts (1980) and Kline (2017) in this report
is a consequence of their richness in terms of description of phenomena, covering two
complementary operating regions:
T Wattsd dat a, obtained with water as a working
collected at the supercritical pressure of 25 MPa; most of them refer to operating conditions
in the liquid-like region, though deterioration beyond the pseudo-critical pressure is also
observed;
T KIl'inebs dat a, i nstead, thanks to the | ower t hei
pseudocritical conditions, explore a region embracing both liquid-like and gas-like conditions,
up to the transition to gas-like fluid in bulk; therefore, the resulting information on phenomena
is more complete and the mechanisms of deterioration can be studied up to the point in which
a final restoration in heat transfer is observed, when the fluid at the wall and in bulk have
sufficiently similar density to reduce the effect of buoyancy and allow for the restart of a
considerable turbulence production by shearing (see the discussion in Buzzi et al., 2019).

These two data sets and selected others have been the basis for studies related to the
development and the validation of an original fluid-to-fluid similarity theory, supported at the
moment only by numerical analyses performed by CFD RANS, DNS and LES calculations, which
seems to have solved most of previous uncertaint
achieving comparable heat transfer phenomena with different fluids over a wide range of
conditions (see Pucciarelli, 2017; Pucciarelli and Ambrosini, 2016; Pucciarelli et al., 2020;
Pucciarelli and Ambrosini, 2020; Kassem et al., 2021). This similarity theory represents the
starting point of our studies in the frame of ECC-SMART on heat transfer, providing hope that a
better understanding of the dimensionless numbers which make successful the comparison of
computed heat transfer conditions with different fluids may also suggest the best dimensionless
groups to be used in setting up correlations. Moreover, the similarity theory, if further proven
successful on the basis of experimental data, will allow to enlarge the base of data to be
considered for engineering heat transfer correlation assessment, hopefully eliminating the need
to tailor formulations for each specific fluid.

With these aims, while addressing the issue of correlation assessment and improvement
for Task 3.3.1 of ECC-SMART, work was performed during 2021 in order to dig into the
characteristics of the similarity theory, aiming at a deeper understanding of its significance and
implications. In particular, during the first year of the work within ECC-SMART, the following
aspects of the similarity theory were further considered:

1 a general reflection on some of the obtained results of the theory not reported in previous
publications helped in achieving greater confidence in its capabilities (Kassem et al., 2021)

1 an extension of the theory to non-uniform axial power distributions helped in preparing higher
fidelity representations of reactor core conditions, in pile and in scaled experiments
(Pucciarelli et al., 2021);

1 acloser analysis of the results already obtained for Watts data (1980) highlighted problems
in scaling from water as reference fluid to fluids with higher values of the Prandtl number (De
Angelis et al., 2021);

1 considering the interest for the R134a fluid within the ECC-SMART project, it was ascertained
that, though the characteristics of this fluid deviate considerably from those of fluids adopted
in previous applications of the similarity theory, reasonable results could be anyway obtained
in scaling (Kassem et al., 2021a);
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1 aclearer overview of the features of the similarity theory was published in a gold open access
paper to make openly available the characteristics of the proposed rationale to researchers
worldwide (Pucciarelli et al., 2021a);

1 areflection on a non-trivial aspect of the procedure adopted for the similarity theory (i.e., the
selection of corresponding pressures for the different fluids) was presented at a relevant
conference and was better clarified to potential external users of the theory (Pucciarelli et al.,
2021b);

i a somehow easy but needed extension of the similarity theory to a more interesting water
pressure value (i.e., 25 MPa) than the one considered in proposing similarity with the data by
Kline in previous work (i.e., 24.5 MPa) (Kassem et al., 2022b);

1 a first overview of the work presented herein on the analysis of existing correlations, to be
better described in the next sections (Kassem et al., 2022c).

In the present document, the early work performed in the analysis of existing correlations is

reported focusing on the following aspects:

1 firstly, the features of the fluid-to-fluid similarity theory will be shortly summarised, aiming to
illustrate to the reader its significance, not only as a general methodology for preparing
counterpart experimental tests with different fluids, but also as a workbench to test the
suitability of dimensionless group as candidate ingredients of engineering correlations;

1 furthermore, a literature survey about existing correlations and a detailed discussion of some
of them in their effectiveness in really predicting the observed phenomena will be presented;

9 then, a systematic analysis of some of the most commonly proposed correlation forms in view
of their capability to predict qualitatively and quantitatively heat transfer data by Watts and
Kline will be reported;

1 an alternative approach trying to introduce shape functions aiming at suggesting a possible
development path for heat transfer correlations for supercritical fluids is presented,;

9 relevant conclusions and the lesson learned up to now in view of the aims of the ECC-SMART
project will be finally proposed.

2.1.3 Usefulness of a fluid-to-fluid similarity theory for heat transfer to SC fluids

Experimental data for heat transfer to supercritical (SC) fluids have been collected with a variety
of fluids whose critical conditions may ease designing and running experimental campaigns. Even
when water is the target fluid for a specific application, as it is in the case of Supercritical Water
Reactors, surrogate fluids may be used to avoid reaching too high temperatures and pressures
during the operation of experimental apparatuses. The use of CO; in place of water, for instance,
grants a reduction of t he cri ti cal temperature to 304.13 K
pressure to 7.3773 MPa (according to NIST REFPROP10) with respect to the values for water
(647.1 K or 373.95 AC and 22.064 MPa), with cor
lower thermal and stress loads on materials. However, data obtained with surrogate fluids need
to be translated to corresponding water conditions to be considered meaningful for assessing the
design of apparatuses conceived to operate with water.

Similarity theories have been proposed in the past mainly on the basis of the values of
reduced pressure and temperature, referring to concepts of corresponding state theory (see e.g.,
the works referred to by Pioro and Duffey (2007) as the one by Jackson and Hall (1979). Recent
reviews of the published theories provided counterfeiting information about their applicability (see
e.g., Azih and Yaras, 2017; Mouslim and Tavoularis, 2020). Of course, the search for a sufficiently
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validated theory for fluid-to-fluid similarity in this field, as in many others, is well justified at least

by the following purposes:

9 defining sound criteria for designing experiments with surrogate fluids that can be considered
meaningful for an intended reference fluid application;

1 making use of the large body of data obtained with different fluids for drawing conclusions
about a specific application;

1 assessing the usefulness of the different dimensionless groups highlighted by the similarity
theory in view of setting up engineering correlations.

The latter of the above advantages brought about by a sound fluid-to-fluid similarity theory is the
most relevant one in the present context.

2.1.4 Adopted fluid-to-fluid similarity theory and its relevant applications

General descritpion of the theory

Dimensionless groups for defining flow stability conditions in heated ducts containing fluids at
supercritical pressure were identified at the University of Pisa in an early work on the subject
(Ambrosini and Sharabi, 2006) and provided a useful basis for comparing the flow stability
behaviour of different fluids in close similarity. This early work had the little merit to highlight the
possibility that Ledinegg instabilities might occur also in the case of fluids at supercritical pressure,
something better confirmed by analyses shown in a subsequent work (Ambrosini, 2007) and
confirmed by other researchers.

It must be remarked that the most important aspect that made the similarity theory for
stability successful enough was recognising that the use of specific dimensionless definitions for
density and specific enthalpy can make the trend of the former as a function of the latter almost
unique for four different fluids, being water, carbon dioxide, ammonia and R23, though it has been
found somehow different for other fluids to which the similarity theory could be anyway applied
(namely R134a, see Kassem et al.,, 2021a). This unique trend, reported in many referenced
works, is at the very basis of the similarity, owing to the great importance that the relation between
density and specific enthalpy has in view of fluid thermal expansion: since the latter governs both
stability and heat transfer phenomena, via buoyancy forces and acceleration, this represents a
basic ingredient to assure similarity in both conditions.

The definition of dimensionless density and of the dimensionless specific enthalpy are as
follows:

. . b,
r :erC W =(h -h.)

p, pc

(1)

In this context, two additional dimensionless numbers play an important role, being the trans-
pseudocritical and the sub-pseudocritical numbers:
Qb
NTPC = =
WC

p.pc

Ngpc = 4 )

in

As shown in Figure 3, for the description of STEP 2 of the methodology, the inlet value of the
dimensionless enthalpy (represented by the opposite of Ng,..) and the dimensionless power-to-

flow ratio ( N,,.) determine the evolution of the bulk fluid density all along the channel, something
very important for both stability and heat transfer.

hb[,
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After early attempts to extend the successful theory developed for flow stability to the case
of heat transfer (Ambrosini, 2011) more in depth developments took place leading to an improved
formulation of the similarity theory (Pucciarelli, 2017; Pucciarelli and Ambrosini, 2016), validated
on the basis of RANS and LES calculations, that were later confirmed also by DNS data (He et
al., 2018). This finding provided renewed confidence in the principle at its basis, suggesting
deeper assessments and analyses.

While a more complete overview of the theory and of its latest developments is presented
in a mentioned golden open access paper (Pucciarelli et al, 2021a) published during the first year
of the ECC-SMART project, its main characteristics and results are shortly summarised herein.

Nype = St(h,—h")4L/D

STEP 4: Guess the L/D ratio

.,__...,..._
HIIINY

STEP 2: Impose the same Ngpe and Nppc
to assure the same expansion capability
of the fluid in bulk

m)
i uid-2 _ | Vin fuid-2
in, fhuid -1 Vin, fuid -1

wid-2 _ [Vm‘lhmt 2 ] ’ Nove = [q'ﬁn'/(‘i( ‘F-F":I(4l‘/]))

Vin, fruid -1

STEP 1: Select operating pressures, basing STEP 5: Iterate by RANS analyses on g”
on inspection of the Pr and/or St numbers STEP 3: Impose the same Froude and and the L/D ratio until convergence of the
in the h* range Reynolds numbers at the inlet h* at the wall to the reference trend

Figure 3: Description of the main steps in the similarity rationale

With reference to Figure 3, it can be noted that a first step in the application of the
procedure (STEP 1) concerns the definition of corresponding pressures for the two different fluids;
the rationale for defining this step has been the subject of a recent study (Pucciarelli et al., 2021b)
and resulted slightly different in the case of operating conditions mostly in the liquid-like region
and when the dimensionless enthalpy window also embraces a consistent part of the gas-like
region. A good starting guess is anyway the use of equal reduced pressures. Actually, the
selection of the operating pressures (STEP 1) aims at taking profit of the variability of the Prandtl
number in the pseudocritical region in order to achieve sufficiently uniform ratios of its values for
the two fluids in the region were the fluid evolution is expected in terms of dimensionless specific
enthalpy.

It must be then clarified that, on the basis of the above reported definitions, two flow
conditions are considered similar if they involve similar distributions of the dimensionless enthalpy
and then of the dimensionless density along and across the channel. This definition is proposed
in recognition of the considerable importance that the differences in the density of the considered
fluids have in determining the flow regimes, as already mentioned via the effects of buoyancy and
acceleration. As it will be shown in the following, the success in applying the theory to specific
cases via RANS analyses is ultimately depending on this key aspect. As a consequence, STEP
2, involving to impose the same inlet pseudo-subcooling and the same dimensionless power-to-
flow ratio represents an obvious requirement for establishing similarity.

Dissemination Level: PU
Date of issue: 15/11/2024 33
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The Froude and the Reynolds numbers, defined as

Fr = ﬁ Re= le _.(3_D (1) (3)
gb m m
and evaluated on the basis of bulk and cross section averaged variables, are imposed at the inlet.
Imposing these two requirements has different purposes:
1 to assign the same inertia to gravity ratio at channel inlet (through the Froude number);

1 to assign the same level of turbulence at the inlet (through the Reynolds number).

and N

Froude number at the channel inlet implies the equality of this parameter for the different fluids
along the channel; more importantly, it also assures everywhere the equality of the Richardson

number, defined as Ri=Gr /Ré r -;)gDf ¥ since it can be shown that

It can be shown that owing to the use of equal values of N assigning the same

SPC TPC?

Ri:(f - (V)/( I-?T) =(r* - @)/( *Fr) . This represents a relevant result in view of keeping

the same ratio of buoyancy to inertia forces all along the duct for the two fluids. Viceversa, the
evolution of the Reynolds number along the channel is different for different fluids, owing to the
trends of the dynamic viscosity: this suggests that the levels of turbulence, though equal at the
inlet section, will be unavoidably somehow different for the two fluids along the channel,
suggesting a slight imperfection in the similarity. As shown in Figure 3, assigning the inlet values
of both the Froude and the Reynolds numbers results in the need to specify different values of
the inlet velocity and of the diameter of the pipe in consideration of the inlet values of the kinematic
viscosity of both fluids.

STEP 4 consists in defining the length-over-diameter ratio to be used for the two fluids. In
fact, it happens that the values of the Stanton numbers may be different for different fluids (e.g.,
owing to the differences in the Prandtl numbers). The equality

NTPc:St(ﬁN 'ﬁ)‘“vZ D (4)
can be easily obtained from the Newt onos I
St= Nl/ Re_P, ﬁ:C_Ipm/k and Cp =(hN -h )/(TW T). On this basis, assuming that the
trends of dimensionless specific enthalpy at the wall and in bulk are the same by virtue of the

similarity, the product St 41/ D must be the same for the different fluids. This step must be
accomplished together with the following STEP 5, since it can be also demonstrated that

Nipe = gqi bipc/ GC, . @f L/ D) - therefore, exact preservation of the trans-pseudocritical number,

N

considering the obtained distribution of the wall dimensionless enthalpy. This is needed owing to

the approximate nature of the similarity theory and also because of the great sensitivity of the

phenomena to be predicted, in order to adjust the boundary conditions of the surrogate fluid up

to the point in which the trends observed for the dimensionless enthalpy at the wall in the

reference fluid are reproduced for the surrogate one. In this regard, it must be noted that:

1 though the above methodology may look vague for the need of iterating on the heat flux and
also in the selection of the operating pressure, it can be assured that its application is not too
cumbersome and it is routinely made with no great difficulty by the researchers using it at the

e, Must be accomplished by varying the heat flux and the L/D ratio at the same time,

(}) Note that thermodynamic and thermo-physical properties without subscript are assumed to be evaluated
in the bulk fluid, whrefdrothévimbhse with subscript fAwo
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University of Pisa through spreadsheets that allow to visualise computed data an adjust
boundary condition up to convergence;

1 the purely numerical application of the methodology presently adopted may be replaced by
an experimental one; it is not difficult, in fact, to envisage a procedure of tuning the heat flux
supplied to a test section while adapting its useful length (e.qg., introducing sufficient allowance
for a longer pipe than theoretically needed) in accordance with the heat flux, to obtain some
reference behaviour achieved with a different fluid.

Tutorials for the application of the methodology by both numerical and experimental means can
be provided and will help in getting the requested experimental verification of the proposed theory.

Applications of the similarity theory
In the aim to show the applicability of the similarity theory to some data of interest, a few examples
from recently published papers are reported herein.

Figure 4 presents the comparison of the dimensionless specific enthalpy trends at the wall
for a DNS calculation performed at the University of Sheffield (He et al., 2018)) for a sample
problem evaluated by DNS and run with different fluid properties. In Figure 4a, the results of the
original calculations by DNS obtained applying the boundary conditions suggested in the similarity
theory are reported, while Figure 4b presents the results of RANS calculations performed with the
same geometry and boundary conditions for the same fluids. As it can be noted, though the trends
obtained by DNS and RANS slightly differ for the two different calculation methodologies, in both
cases there is a striking similarity between the trends obtained for the different fluids, suggesting
that the specified boundary conditions correspond closely to each other, somehow independently
on the numerical tool used.

1.2

% 1.2
2 1 . — T 10
= - L
: 08! _~ _E 0.8 ,/—\'\
o L
= 06 . .‘:E 0.6 //
S 04} T 04
2 S /4
é_ 0.2} E 0.2 —V
20 S 00
2 2 [ —C02- 857 MPa
= -0.2 [——coz] { g 02 —H20-
g . g , H20 - 25.0 MPa
£ .0.4 NH3| | B 04 L —R23 5.70 MPa
2 R23 | !
E NH3 - 12.63 MPa
~ -0.6 3 i = 06 L
0 3 0 3 0 25 30 -0.57 -0.54 -0.51 -0.48 -0.45 -0.42 -0.39
x/D Dimensionless Bulk Enthalpy [-]
a) DNS calculations by Sheffield University b) RANS calculations

Figure 4. Results from DNS and RANS calculations in dimensionless form
(Pucciarelli et al., 2020)

It must be acknowledged that the results obtained by the University of Sheffield on the basis of
the early proposal of the similarity theory presented in (Ambrosini, 2011) triggered a new interest
for the more extended theory already presented in previous publications, suggesting to revisit it
in the aim to present its features in a more systematic way. This led to new publications in which
the similarity theory was applied to data by Watts (1980) and Kline (2017) having the already
mentioned characteristics of systematic investigations of heat transfer deterioration mainly in the

b [,
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liquid-like region with water and in both the liquid-like and the gas-like region with carbon dioxide,
respectively.
In particular, the data by Watts (1980) considered here were obtained in upward flow conditions
in an experimental facility having a 2 m long test section with an inner diameter of 25.4 mm and
operated with water at 25 MPa. On the other hand, the data by Kline (2017) were obtained with
carbon dioxide at 8.35 MPa flowing in upward flow in a vertical test section with inner diameters
of 4.6, 8.0 and 22.0 mm and heated lengths of 1200, 1940, and 2000 mm. A common aspect of
the two sets of data, which triggered our interest, was the systematic coverage of entire ranges
of boundary conditions that allowed identifying clear effects of relevant parameters, as inlet
temperatur e, heat flux and mass fl| ux. I n the <ca
temperature allowed by the use of carbon dioxide, it was possible to show complete ranges of
phenomena, from normal heat transfer, through deterioration up to heat transfer to gas-like
conditions.

Among the several predictions of KIi-G&Gs dat
code (Simcenter 2018) making use of the Lien et al. (1996) k-e model available in it, integrated
with an Algebraic Heat Flux Model (AHFM) developed by A. Pucciarelli during his PhD thesis work
(Pucciarelli, 2017) and also collected in a subsequent MSc thesis work (Buzzi et al., 2019) Figure
5 reports a subset of interesting cases. As it can be seen from Figure 5a, the predictions of
experimental data obtained by the CFD RANS calculations were reasonably accurate, suggesting
that the overall trends and phenomena were grasped by the code.
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Among the phenomena predicted by the model, normal and deteriorated heat transfer,
together with the final restoration of heat transfer at the transition to gas-like conditions can be
identified. This observation stimulated the application of the similarity theory for investigating if
the model could forecast similar behaviours for other fluids, by just changing the fluid properties
and applying the similarity theory for achieving corresponding trends of the dimensionless specific
enthalpy at the wall.

Figure 5b, c and d present the obtained results. As it can be noted, the predictions
obtained for CO2, were reproduced in very good phenomenological agreement with water at 24.5
MPa, with NH3 at 12.5 MPa and with R23 at 5.56 MPa. It is implied that for each one of the
different inlet temperatures it was necessary to apply the similarity theory with the iterative
procedure for the heat flux and the length over diameter ratio described above, resulting in a
relatively large number of calculations aiming at converging at similar dimensionless trends of
wall dimensionless specific enthalpy.

In order to better clarify the already described procedure, attention is drawn to Figure 6a,
where these wall dimensionless specific enthalpy trends are shown in comparison with each
other. The figure describes the level of similarity obtained in the distribution of dimensionless
enthalpy both along and across the channel, considering that the dimensionless bulk specific
enthalpy trend is imposed to be the same. The different ranges of bulk specific enthalpy for the
different fluids appearing in the plots are due to the fact that the computational domain adopted

in the analyses corresponded to different heated lengths, so that data beyond the nominal N,

defined for each case have been obtained.

Indeed, Figure 5 demonstrates that it is possible to apply to different fluids corresponding
boundary conditions that provide similar phenomenological trends. In particular, cases with only
incipient or no deterioration can be observed at the lowest inlet temperatures, while deterioration
further progresses at higher inlet temperatures, up to the point at which a renewed production of
turbulence is observed causing a final restoration of heat transfer or deterioration does not occur
at all. In this regard, the richness of the data by Kline must be recognised for highlighting a variety
of trends whose interpretation is straightforward on the basis of arguments related to
laminarisation and heat transfer restoration due to buoyancy effects.

Figure 6, in addition to showing the trends of dimensionless wall enthalpy (Figure 6a),
provides further information on the behaviour of the relevant dimensionless numbers along the
channel for the different fluids. In particular:

9 Figure 6b shows very similar trends of the Richardson number, predicted by the theory to be
nearly the same for the different fluids; it can be noted that the increase of Ri causes (or it is
at the same time an effect of) deterioration, coherently with the relevance that buoyancy has
in determining laminarisation;

9 Figure 6¢ confirms the prediction that the Froude number, imposed to be the same at the
channel inlet, deviates only slightly from a common trend for the different fluids, as a
consequence of the approximate nature of any similarity theory;
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9 Figure 6d and Figure 6e suggest that while the Nusselt number is different for the different
fluids, the ratio of the computed Nusselt number to the one predicted by the Dittus-Boelter
correlation has a very similar trend for all the fluids;

1 Figure 6f simply shows that the Reynolds number, imposed to be the same at channel inlet
cannot be preserved all along the heated length;

9 Figure 6gq, finally, shows that the product of the average Stanton number by L/D is instead
very well preserved.

Figure 7, collecting similar plots for another calculation case from the database by Kline, confirms

the generality of the above conclusions in relation to the trends of the dimensionless numbers.
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Shifting t oFigWéadandsFiyuredashoa the level of accuracy obtained in predicting
water experimental data at different values of inlet temperature and flow rates, giving rise to
different levels of deterioration at temperatures below the pseudocritical one. Figure 10
represents the corresponding dimensionless trends obtained for one of the considered cases,
all owing for drawing similar conclusions as
dimensionless numbers.

In summary, the similarity theory proved to be successful in the application via RANS calculations
to some relevant experimental data showing interesting behaviour for the analysis of deterioration
phenomena.

Worth of the similarity theory in view of engineering correlations

As mentioned in the previous sections, the fluid-to-fluid similarity theory, in addition to be per se
of interest to envisage the boundary conditions to be applied to obtain similar phenomena with
different fluids, should provide greater insight on the dimensionless numbers that must be taken
into account for setting up engineering correlations. In this respect, the following considerations
apply.

T Sub-pseudocritical number and trans-pseudocritical number

The two numbers Ng,. and N,.. play a major role in locating the dimensionless enthalpy

window along the horizontal axis of the " vs. h' curve (see Figure 3), thus determining the
capability of the fluid to expand and then to generate buoyancy and acceleration. In this
respect, it seems clear that heat transfer efficiency cannot be the same, ceteris paribus, all
along the curve, both in bulk and at the wall.

T Loc akhpcOfi N
In the analytical developments leading to the similarity theory, it was recognised that

_ Qi bipc 4L 5)
TPC~ ~~ RN
GCp, oc D
It is interesting also to consider the quantity
_ Gibj.
N
TPC, Ioc GCp,pc (6)

as a dimensionless heat flux to mass flux ratio that can possibly substitute classical

~

Adi mensional 6 relationships proposed, e. g.

regard, it is also interesting to note that a slightly different form of this formulation may appear
equally interesting:

_ qibi
TPC,loc x — GC (7)

p
This dimensionless group differs from the previous one just by the use of the local ratio of the
thermal expansion coefficient and of the specific heat in place of the corresponding value at
the pseudocritical threshold. In this regard, it must be noted that

b_ ipf W 1
I h = ®

N

Cp rqu h
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represents the fluid expansion coefficient per unit specific enthalpy and that
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Figure 11. Relation between dimensionless density and dimensionless enthalpy for four fluids

Therefore, it can be recognised that in view of Figure 11 the dimensionless group in Eqg. (9)

also represents a unique function of h', having approximately the same value for all the fluids
(the exception of R134a must be anyway dealt with). Its physical meaning is clearly related to
the expansion of the fluid expressed in dimensionless form: indeed, it may be considered
useful in estimating the causes of both buoyancy and acceleration. It is expected that such
expansion coefficient will attain a maximum close to the pseudocritical point. In summary,

both the quantities N o and Nppc . , May be good candidates to express the capability

of the fluid to expand under the action of heating, being a precious information for determining
heat transfer regimes at supercritical pressure.
1 Dimensionless specific enthalpy and dimensionless density

The numerical value of the dimensionless specific enthalpy, h', being negative for liquid-like
conditions and positive for gas-like ones, may take the role of indicators previously introduced

in literature to estimate the distance to the pseudo-critical conditions. In particular, h (i.e., rL
) and hN may be directly used as quantitative estimates of the status of the fluid in bulk and
at the wall, for instance translating the observation that frequently deterioration occurs when
h <0 (bulk in liquid-like conditions) and hN >0 (wall in gas-like conditions). Likewise, the
dimensionless density can be used in the same purpose, considering that h" <0 Ur" <
and h">0 Us" . It must be also considered that the ratio 7.,/ [ is simply equal to

Iy, / [ so, the values of 7, and 7, can be introduced separately as factors in variants of

the classical equations where rw/ { appears, giving additional degrees of freedom in

correlating data.
1 Nusselt number from the Dittus-Boelter correlation and average Stanton number
A very intriguing feature of the results obtained by the application of the similarity theory is
that the ratio of the Nusselt number to the one evaluated by the Dittus-Boelter correlation
appears to be nearly t he s amé&ondasdefinadlatcording® f |
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the theory (see, e.g., Figure 6e and Figure 7d). On the other hand, the Nusselt Number may
be different for different fluids in similar conditions (owing to differences in the Prandtl number)

and the product St(L/D)i s the same fiby definition of simi

dimensionless enthalpy), as it follows from the equality of the N.,. and from the mentioned

relation N;pc = §t( R, - F])4 I/ D. In this view, it is very tempting to draw one of the following

conclusions:
o correlations should be expressed in terms of the Dittus-Boelter correlation (though it
may be assumed that Gnielinskids or Petukho

more accurate) introducing corrections for evaluating abnormal heat transfer
behaviour; this is not a novelty in this field, of course, though in this case the
suggestion could be to choose correction factors in terms of dimensionless parameters
that proved to be useful in the fluid-to-fluid similarity theory;

o0 correlations could be expressed directly in terms of the average Stanton number, also

considering the relation qib‘bc/GCp pczg( R, - h), being evidently another form of

the Newtonds | aw of convection, which highl
to focus on.

These two conclusions could be obviously validated in correlating data.

1 Froude Number and Richardson number

The similarity theory gives to these two dimensionless numbers a central role. Indeed, the fact

that di mensionless density has nearly the) same

conditions is a key aspect, determining the equality of the values of Froude and Richardson

numbers all along the channel. This means, for instance, that deterioration starts at the same

value of the Richardson number, coherently with the basic understanding of the role of the

competition of buoyancy vs. inertia in determining laminarisation. These observations are an

incentive to ascertain if the simple formulation of Richardson number as Gr, / R€ can be

used in correlations in place of the several times introduced buoyancy number having a similar
meaning but with different exponents, e.g., Gr, / R€”’.

1 Reynolds number

The role of this dimensionless number in determining the turbulence level in the fluid is well
known and needs really no special comment. It must be anyway mentioned that in an early
form of the similarity theory, imposing the equality of the Reynolds number at the inlet of the
channel was not considered strictly necessary, also in view of the fact that its value
unavoidably changes anyway owing to heating and the subsequent change in dynamic
viscosity, which is different for different fluids. It was a suggestion from the University of
Sheffield (Prof. S. He) that led to the inclusion of this constraint as an additional boundary
condition in the similarity theory, definitely improving its formal coherence with known
similarity principles in fluid-dynamics. Indeed, the previous observation about the striking
equality predicted by RANS calculations of the ratio between the Nusselt number and the one
by the Dittus-Boelter correlation for different fluids supports the classical role of the Reynolds
number in determining heat transfer with an exponent in the range of 0.8 7 1.

®AThe word fAsimilard is repeatedly put in quotes in the te
t heory egeahdstsbutibn of dimensionless enthalpy and, then, of dimensionless density all along and across

t h e c h dmsrspetifit definition is different from previous ones introduced in literature and, as shown, does not

imply the equality of Nusselt numbers.
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Role of the CFD models in understanding experimentally observed phenomena
Indeed, the adopted CFD model has a role in making possible the establishment of the similarity
theory. It must be observed that its development has been at the basis of the capability to support
the similarity theory in the present form by RANS analyses, thanks to a good comparison with
experimental trends in a reasonable range of operating conditions. While there are cases in which
the comparison is still unacceptable, asking for possible improvements, the development of the
model was a key step in achieving understanding of the involved phenomena.

The 2D axisymmetric computations performed by the k-e AHFM modified turbulence
model have, in fact, the merit to interpret in a sufficiently correct way the experimental trends,
hopefully for good reasons, leading to very similar trends of wall temperature with respect to the
observed ones. Movies of computed results were set up in order to diagnose the reason for the
occurrence of the experimentally observed phenomena, as deterioration, recovery and final heat
transfer restoration. The purpose of this work was to stimulate ideas about the best way in which
correlations may reproduce the observed behaviour; indeed, experimental data cannot easily
provide information on the radial distributions of relevant quantities, which are at the basis of heat
transfer phenomena. This information can be instead obtained by RANS calculations, provided
they are considered sufficiently validated by the comparison with experimental data, normally in
the simple form of measured wall temperature trends.

In the aim to show the considerations that can be drawn from inspection of calculated
data, analyses of some relevant cases were shown hereafter in the form of videos obtained by
MATLAB elaborating calculations performed by the RANS model. Observation of the animations
shown in Kassem et al., 2022, not reported in the present document, is very instructive. It must
be remarked that the corresponding analyses were found in reasonably good agreement with
experimental data, as far as it was possible to compare results in terms of wall temperature. It
must be clarified that the radial profiles shown in the animations were obtained at cross sections
moving along the axial coordinate in agreement with the motion of the marker shown in the first
of the displayed plot.

It can be here summarised that all the reported animations suggest that in the considered
cases deteriorated heat transfer is due to laminarisation, coherently with the early interpretation
by Jackson and Hall (1979) of their experimental data. In particular, the following considerations
can be made.

1 In the considered cases, deterioration may start above or below the pseudocritical
temperature (this results by the comparison of the cases by Kline with the ones by Watts)
owing to changes in dimensionless specific enthalpy in the radial direction that have the result
to flatten the velocity profile, thus decreasing the velocity gradients that are at the root of the
production of turbulence by shearing.

T Heat transfer recovery i-shaopbetdad ngmrdo fwilteh
turbulence production.

1 Considering turbulence kinetic energy (TKE), a striking aspect is the complete disappearance
of the peak close to the wall characterising turbulent velocity profile distributions, with a
complete phenomenological change in the profile of TKE occurring when deterioration sets
in.

T KIlinebs data exhibit the presence of wal |
and protracted along the axis in the experimental data than in the predictions. The
computations suggest that this phenomenon is involved in the dynamics of deterioration and
can be interpreted as a sort of overshooting in the redistribution of fluid velocity occurring at

tah ami

t emp



hccL/ L! '{9 hbJ K

ECC-SMART Project ?
D3.5 Report on CFD modelling and simulations in corroded environment under smart
supercritical conditions

the onset of deterioration. It is very suggestive to interpret this overshooting on the basis of
some pseudo-Nukiyama curve similar to the one reported in Figure 2, as a dynamic effect
occurring when the heat flux cannot be anymore exchanged in normal conditions and a quick
transition to the right branch of deteriorated conditions occurs. In view of such phenomenon,
two considerations can be proposed:

0 it seems doubtful to assume that simple scalar correlations can be successful in
representing such oscillations, in the lack of a dynamic representation of what is
occurring along the channel axis; in fact, it must be reminded that the RANS CFD
model predicts this phenomenon at the price of the solution of steady-state equations
in two-dimensions that represent an evolution along the axial coordinate: such a
representation might not be achievable by the simple evaluation of locally defined
dimensionless groups;

o the jump from normal to deteriorated heat transfer conditions should be hopefully
represented by correlations, but it can be argued if this jump can be evaluated by a
single branch of the correlation; again in view of Figure 2, the presence of multiple
solutions for engineering correlations giving rise to observed difficulty in convergence
of some of the proposed formulations (see e.g., Zahlan et al. 2018) might be a needed
feature of a correlation grasping deterioration. A further striking feature of the
i nteresting data series by KIline IS t he
representing the deteriorated branch of possible correlation solution.

9 Figure 5a, again reported in Figure 12 for convenience in this discussion together with similar
data at 20 kwW/m?, shows that both computed data and experimental ones tend to predict the
presence of conditions at which normal heat transfer cannot be anymore sustained
(something occurring close to the pseudocritical conditions) and jumps to deteriorated heat
transfer conditions occur, more or less delayed by the increasing values of inlet temperature.
Finally, when bulk conditions approach the transition to the gas-like conditions, the difference
in fluid density in bulk and at the wall seems not to be sufficient to give rise to such intense
buoyancy forces causing deterioration, and the level of wall temperature drops again,
notwithstanding the lower value of fluid conductivity of the gas-like region.
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I n summary, Klinebs data seem to identify two

heat transfer and deteriorated heat transfer, the latter identified by an envelopment of curves

and experimental data whose presence is confirmed at different levels of heating. Indeed, a

consequence of what shown in Figure 12 is that wall temperature depends not only from the

local conditions in terms of heating and on bulk properties, but also on the upstream conditions
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in terms of inlet temperature and allowance for establishing the radial profiles of velocity and
density determining the occurrence of deterioration. If this conjecture is confirmed, it is clear
that correlating data with such a dependence from upstream conditions may be quite
challenging if not impossible for classical semi-empirical correlations.

1 Inview of the above, a statement of the problem we are facing can be the following: how is it
possible to correlate experimental data that exhibit different values of the wall temperature
with the same local boundary and bulk fluid conditions, just taking into account the upstream
history? This problem reminds of similar ones occurring at sub-critical pressure, e.g., in the
dependence of DNBanddry-out on upstream history, account e
by critical quality vs. critical length approaches. A possible interpretation is to consider heat
transfer at supercritical pressures strongly
along the pipe, because of the continuous evolution of the fluid owing to expansion. It is clear
that such observations strongly challenge our capability to correlate heat transfer phenomena
with supercritical fluids by usual means, suggesting a possible reason why, notwithstanding
the several tens of correlations proposed in the past, it was not yet possible to establish a
single completely successful one.

1 Unfortunately, further difficulties in interpreting experimental data related to deteriorated heat
transfer can be observed by contrasting the complete trends shown by the data by Kline with
trends often offered by experiments with water that cannot be carried out with too much high
temperatures for problems related to material resistance and safety in running experiments.
Figure 13s hows predictions of chall engi (2@058083a)a obt
that were successfully reproduced by A. Pucciarelli with different versions of the AHFM model.
These experimental data were obtained with a 1 m long test section, whose first 40 cm were
left unheated for achieving fully developed conditions, as it is customary to do for avoiding
biasing the data by not easily quantifiable entrance effects. After having the opportunity to

consider Klinedbds dat a, thus observing the fina
conditions approach the pseudocritical threshold, it was tried to understand by RANS
analyses if a similar behaviour could be forec

considering a longer test section. Figure 14 shows the results of the related analyses, in
comparison with the observed and calculated trends for the data by Kline. As it can be noted,
the RANS model predicts that the deterioration plus recovery phase observed in the
addressed experimental data by Pi s 6 me n n y2008, t200%a) could be nothing but an
oscillatory part of a more complex deteriorated behaviour, which would then terminate with a
final restoration.
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Whether this can be confirmed, it is clear that many of the classical experimental data
available in literature should be reconsidered under a different perspective. In this regard,
systematic series of data as the ones by Kline (2017) are really precious to stimulate
understanding of the body of experiments now available. It is in fact necessary to remark that
two of the above conclusions should be clearly borne in mind while addressing the use of
experimental data by setting up engineering correlations on the basis of local data:

0 observed evolutions of wall temperature may be strongly dependent on upstream
conditions and, possibly, there is only hope to predict the mentioned envelopment of
deteriorated data, with no pretence to be too accurate in predicting the inlet oscillatory
evolution strongly affected by entrance conditions;

o0 some of the available experimental data trends may represent only a part of the full
trend that could be obtained by longer test sections; so, the nature of the observed
evolutions may be wrongly interpreted as mostly determined by local conditions, while
they belong to trends quite sensitive to upstream conditions and that may not
represent adequately the envelopments of deteriorated behaviours whose prediction
could be a possible target in setting up engineering correlations.

Concluding remarks on the use of the similarity theory

The adoption of the fluid-to-fluid similarity theory allows identifying boundary conditions that, if
properly imposed to different fluids, may produce similar heat transfer behaviour no matter the
fluid properties. The theory is presently proven only by numerical means, but the variety of tools
used (DNS, LES and mostly RANS) provides coherent support to its conclusions. In addition, the
rationale at its basis provides a set of reasonable guidelines that can be adopted in future
experiments to try reproducing the complex behaviour observed with some reference fluid also
with different ones.

The di mensionless number s, whose rol e has bee
conditions, may be considered as good candidates to appear in engineering correlations, besides
or in place of commonly adopted ones. However, intrinsic difficulties have been highlighted by the
application of CFD models in view of setting up engineering correlations. In particular, it appears
evident that many of the phenomena exhibited by available experimental data have to be
considered as determined by the deformation along the channel axis of radial variable profiles
that need detailed dynamic models to be properly accounted for as a function of the inlet
conditions and of their subsequent evolution along the channel.
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Though a sort of desperate conclusion from these considerations would be that it is
hopeless to try achieving engineering correlations based on local values, suggesting to
concentrate efforts on the development of more complex and still uncertain CFD models, it seems
wise to assess the capabilities of presently available correlation forms, coping with known
difficulties in their application. This is the purpose of the work described in the next sections.

2.1.5 Literature survey and discussion of selected heat transfer correlations

2.1.5.1 Surveyof the studies of heat transfer at supercritical pressures

Extensive reviews were presented on heat transfer to fluids at supercritical pressures by Cheng
and Schulenberg (2001), Pioro et al. (2004) and Pioro and Duffey (2007). A large number of
research studies on heat transfer of SC water (SCW) were reported within the last decade.
Moreover, Rahman et al. (2007) provides a literature survey on heat transfer at supercritical
pressures for nuclear applications, covering both experimental studies and numerical simulations,
which enhances the understanding of basic heat transfer phenomena of SCW and is valuable to
SCWR developers.

As known, phase change of water is eliminated with increasing temperature at supercritical
pressures. Therefore, current safety criteria for nuclear reactor operation, based on the departure
from nucleate boiling (DNB) or dry-out, are no longer applicable. Instead, developers of the SCWR
concepts have adopted the peak cladding and fuel centreline temperatures as the criteria. This
would require improved understanding of the heat transfer phenomena at supercritical pressures
and accurate prediction methods for heat transfer coefficients.

Water at supercritical pressures is considered as a single-phase fluid with associated
single-phase heat transfer characteristics in a heated channel, due to the lack of phase change.
These characteristics can be represented with a single-phase heat transfer correlation, such as
the well-known Dittus and Boelter (see Dittus, 1930) correlation, however, the sharp variations in
the thermophysical properties at the vicinity of the pseudo-critical point challenge the application
of this heat transfer correlation. In addition, the complex buoyancy and acceleration effects at the
near wall region lead to significant changes to the single-phase heat transfer characteristics.

A vast number of past works have provided experimental data, correlations and look up
tables for calculating the heat transfer coefficient. Other studies proposed correlations for the
prediction of the heat flux causing the onset of the deterioration of heat transfer. Also there exists
a large number of theoretical and numerical studies to explain the unique heat transfer behaviour.

In general, the existing heat transfer correlations could be divided into three categories as
proposed by Liao (2014). The first type of heat transfer correlation for supercritical water was built
on the basis of the Dittus-Boelter correlation; however, the thermophysical properties of the SCW
experience dramatic change in the vicinity of pseudocritical point which might have great impact
on the heat transfer behaviour. In view of this fact, a few correction terms consisting of the fluid
thermophysical proper t i es, whsy G/bca a s/ ggamong the others, were introduced to
the first type correlations, resulting in the emergence of a second type heat transfer correlations
for SCW. With the deepening research on heat transfer phenomena of SCW, buoyancy effect and
thermal acceleration were considered to be the main reasons for deteriorated heat transfer of
SCW and then two special correction terms were proposed in terms of Grashof number to
represent the buoyancy correction and g* to represent the thermal acceleration correlation. Such
terms were added to the second type correlations, yielding the third type heat transfer correlations
for SCW.
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The work done in the past by many authors like Pioro and Duffey (2007) and Cheng and
Schulenberg (2001) draw a conclusion that, after reviewing the existing heat transfer correlations
for SCW, none of the existing correlations could predict the heat transfer (DHT) of SCW accurately
under all heat transfer regimes. Therefore, a new and accurate correlation for heat transfer of
SCW is expected to be effectively accurate under all heat regimes of SCW, and special emphasis
should be directed onto the DHT phenomena, which is the most dangerous situation to not only
thermal power plants but also to the Gen-IV SCWRs.

In this section, experimental studies on heat transfer of supercritical water and other fluids
like carbon dioxide, helium and freons are briefly recalled including both the enhanced heat
transfer (EHT) and the DHT regimes. In addition, the available existing heat transfer correlations
for supercritical fluids are reviewed. More over detailed assessments of prediction accuracy of
some of the existing correlations are also conducted against the collected experimental data by
Kline and Watts. On the basis of the evaluation of the prediction behaviour of the existing heat
transfer correlations, some new forms are proposed and the prediction capability of the new
correlation is also assessed against the collected experimental data. Appendix A reports a table
of most of the here mentioned correlations.

McAdams et al. 1950 (see Pioro and Duffey, 2007)

McAdams et al. conducted experiments with an upward flow of water in a vertical annulus with
internal heating. The objective was to estimate local HTCs for turbulent flow inside an annulus.
Four thermocouples, spaced at 76.2 mm intervals, were installed inside a heated rod. These
measured temperatures were used to calculate local HTCs along the heated rod. The
experiments showed that, for given Reynolds and Prandtl numbers, a value of the local Nusselt
number always decreased as a value of 07O increased, regardless of the temperature at which

the physical properties were evaluated. The experimental data obtained by McAdams were
generalized into a correlation where maximum error was evaluated by 17%.

Bringer and Smith 1957 (see Pioro and Duffey, 2007)

Bringer and Smith conducted experiments with supercritical CO- flowing inside a thin walled
Inconel tube (Q @& W ah 0 T G ahdE ® @ pdwda). Bringer and Smith used
thermocouples installed inside mixing chambers to measure bulk fluid temperatures at the inlet
and outlet of the test section. The authors reasoned the use of the Inconel made it possible to
use a thin wall tube due to the high tensile strength. Also, the Inconel temperature coefficient of
electrical resistivity was sufficiently low not to have an appreciable effect on its electrical
resistance. Therefore, a heat flux profile was uniform over the heated length in spite of the non-
uniform temperature profile. In the early studies by Bringer and Smith in1957, the peak in thermal
conductivity was not taken into account. However, thermal conductivity was assumed a smoothly
decreasing function with temperature near the critical and pseudocritical points.

Krasnoshchekov and Protopopov 1960 (see Pioro and Duffey, 2007)

Krasnoshchekov and Protopopov (1959, 1960) and, later on, together with Petukhov et al. 1961
proposed a general correlation for forced convective heat transfer in carbon dioxide and water at
supercritical pressures. However, the correlation of Krasnoshchekov- Protopopov gave less
accurate prediction according to Kirillov et al 1961. In their development, Krasnoshchekov and
Protopopov used the Pr and C, averaged over a ranges to account for the thermophysical
properties variations. The majority of their data (85%) were generalized and showed
di screpancies within KN15 %.
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Goldman (1961) (see Pioro and Duffey, 2007)

One of the earliest investigations with supercritical water was done by Goldmann in 1961. In his
experiments, Goldmann was able to observe effects that indicate two-phase behaviour. In tube
experiments, two different heat transfer behaviours determined as a function of the heat flux
density. At low Heat flux densities, normal heat transfer could be measured, while at high heat
flux densities, a whistle could be heard during heat transfer. In tests with a whistling sound, the
wall temperature could drop and almost a constant value can be observed at the test outlet, at
the same time there was an increase of the system pressure by 0.3 MPa. As a result, a kind of
boiling mechanism comparable to that at subcritical conditions was postulated. The phenomenon
that could only be observed at bulk temperatures below the pseudo-critical temperature. The
occurrence of the whistling sound during heat transfer could be changed by varying the inlet
temperature, mass flow density and heat flow density. By lowering the inlet temperature, the
whistling sound occurred at a lower heat flux density, while at higher mass flux densities a
whistling sound was only recorded at higher heat flux densities.

Goldmann was among the first investigators to develop models for supercritical heat transfer, he
used an expression for eddy diffusivity derived originally for a constant property flow; the eddy
diffusivity was calculated at different radial locations considering property variations at these
locations.

Petukhov et al. 1961 (see Petukhov et al. 1961)
At the same time, Petukhov et al. studied heat transfer in supercritical carbon dioxide. By
analysing their experiments with carbon dioxide (CO,) and consideration of other authors'
experiments with supercritical water, they developed a general correlation for both material
systems. This correlation takes into account the influence of radial changes in the fluid properties
at small temperature differences between wall and bulk.

In particular, the influence of variable fluid properties on heat transfer was investigated.
This influence was evaluated by two different test procedures. First, the inlet temperature was
varied while the wall temperature was kept constant at the point x=50 D in the pipe. On the other
hand, the bulk temperature was at the same place kept almost constant and the wall temperature
varies. So, it was, in both cases, possible to examine the influence on the heat transfer coefficient.
With the increase of the temperature difference between wall and bulk increased the heat transfer
coefficient and then dropped in accordance with the physical properties of the fluid close to the
wall. If the wall temperature is still below the pseudo-critical temperature, the heat transfer
coefficient increases with an increase in the bulk temperature. If the wall temperature lies within
the pseudo-critical region, the heat transfer coefficient first increases but decreases later. Above
the pseudo-critical temperature, the heat transfer coefficient only drops with higher bulk
temperatures. A dependency on the pseudo-critical heat capacity was determined and considered
as the ratio of the average specific heat capacity 6 to the heat capacity of the bulk 6 . With the

results obtained, a correlation for water and carbon dioxide was proposed.

Shitsman 1963 (see Pioro and Duffey, 2007, and Shitsman 1963)

Shitsman in (1959) analyzed the heat transfer experimental data of supercritical water flowing
inside tubes, and generalized these data with the Dittus-Boelter type correlation where the Pr
value was evaluated at the bulk fluid temperature or at the wall temperature, whichever is less.
However, Shitsman, based on the knowledge at that time, assumed that thermal conductivity was
a smoothly decreasing function of temperature near the critical and pseudocritical points.
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Investigations by Shitsman in 1963 were mainly carried out with a stainless-steel tube with
a length of 1500 mm and an inner diameter of 8 mm. The heat transfer was analysed with eleven
welded thermocouples. Through preliminary investigations, the heat losses to the environment
were considered small compared to the heat input to the fluid and accordingly neglected. In the
low mass flow density range in vertical upward flow with water, the sudden occurrence of
deterioration of heat transfer was analyzed in experiments. For Shitsman these deteriorations
under supercritical conditions show analogies to film boiling in subcritical pressures.

At heat flux densities below =281 kW/m?, no deterioration of heat transfer could be
observed at mass flux densities of G=430 kg/m?s. After an increase to q=299 kW/m?, the wall
temperature rose sharply to more than 5 0 0 . Thé3e temperature peaks, sometimes just under
6 0 0 An@re noticeable by a red glow of the tube. The test area in which temperature peaks
occurred is characterized by strong fluctuations of the wall temperature. By increasing the mass
flow density, the deterioration could be reduced or a normal heat transfer was measured, and the
temperature peak can also be reduced by increasing the pressure. A further increase in the heat
flow density did not lead to any stabilization of the flow.

A deteriorated heat transfer was found at G=300-700 kg/m?s up to enthalpy of 2093 kJ/kg.
Occasionally, a pulsation of the system pressure and the wall temperature could be registered
with a deteriorated heat transfer. At a period of 15s, the pressure pulsations reached amplitudes
of 2.5MPa, which disappeared again by increasing the heat flow density. The pulsations were
observed in areas where the fluid moves through the tube with significant changes in
thermophysical properties. At a high mass flow density G=1500 kg/m?s, no deterioration of the
heat transfer could be observed up to g=1104 kW/m?. However, between q=872-1104 kW/m?
fluctuations in the pressure at the test outlet were recorded.

Domin 1963 (see Pioro and Duffey, 2007)

Domin performed experiments with supercritical water flowing inside horizontal tubes (Q
CAaMED pSrxdhde Q 1aadE ® p& o@)andproposed aHT correlation obtained
within the following range:y ¢ oo ¢ @0 Andp T ¢ & W wfd .

Swenson et al. 1965 ( see Swenson et al., 1965)

According to Swenson et al., conventional correlations cannot predict heat transfer in fluids in the
pseudo-critical range. To solve this problem, they conducted some experiments with forced flow
of water in vertical pipes. A stainless-steel pipe (AISI Type 304) of length 1=2946 mm was
examined, divided into an unheated inlet section (I=889 mm), a heated length of I=1828 mm and
an outlet section. Only data from the second half of the tube were considered to be fully developed
for their empirical correlation to be applied, as there were significant thermal entry effects (up to
x/d =97). A density ratio was used to better describe the material properties. At high heat flux
densities, a decrease of the heat transfer coefficient could be observed which further decreases
with increasing the pressure.

The correlation describes 94.9% of the data with a standard deviation of 15%. The physical
properties in the pseudo-critical range were not sufficiently known at this time, so a smoothing of
the physical properties in this range was applied. According to Swenson et al. thermal conductivity
was a decreasing function of temperature near the critical and the pseudocritical points. Unlike
other correlations, the thermophysical properties here are related to the wall temperature.
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Bishop et al. 1965 ( see Bishop et al. 1965)
With four different tube geometries, Bishop et al. conducted investigations in supercritical water.
Pipes made of stainless steel (SS 316) in vertical upward flow were used within the following
range of flow and operating parameters: pressure 2 2 . 8 1 2 Bulk Buid MP@erature 2 8 2 A C
T 52, MAs€flux651 1 36Saddheagfluxd. 31 1T 3246 MW/ m

During the tests, a whistling sound was occasionally recorded at high heat flux densities
when the bulk temperature was near the pseudo-critical temperature (T,) and the wall
temperature was above Ty.. A disturbance in the thermal boundary layer was suspected due to
the strong density changes. The whistle was preceded by an increase in wall temperature. Only
in the case of heat flux density that was 10-30% greater than was necessary for initiating the
whistle tones did the temperature increase by about 100A CThe intensity of the whistle seemed
to increase due to lower inlet temperatures. At higher mass flow densities, higher heat flow
densities were needed to initiate the whistling sound. During the occurrence of a whistle,
oscillations of the measured values were observed, but could not be recorded in more detail. It
was assumed by Bishop et al. that despite the attenuation of heat transfer in experiments with
whistle, obviously there is no change in the heat transfer mechanism. They developed a heat
transfer correlation with which the wall temperature of the experiments could be calculated in a
95% probability range with a standard deviation of 15%.

Vikhrev et al. 1967 ( see Vikhrev et al., 1967)
Vikhrev et al. investigated the heat transfer of supercritical water in a vertical upward flow. Two
stainless steel tubes of different geometries were investigated. A short pipe (d=7.85mm) with a
heated length of 1515 mm and a long pipe (d=20.4mm) with a heated length of 6000 mm, each
taking into account an unheated inlet section.

Analyses with the short tube showed that, in various experiments, heat transfer was
deteriorated in the heated area x/d=40-60. The position of the temperature peak, due to the
deteriorated heat transfer, was dependent on the inlet enthalpy. It was assumed that this was in
connection with the thermal development of the flow.

In experiments with different heat and mass flow densities at p=26.5MPa, the relationship
between temperature peaks and inlet enthalpy was also observed in the long pipe with d=20.4
mm. Only from heat flux densities of =505 kW/m? at G=495 kg/m?s heat transfer deteriorated at
x/d=50. At lower heat flux densities, this deterioration was not pronounced. An increase in the
heat flux density to g=570 kW/m? also led to a further steep rise in the wall temperature shortly
before the test outlet. Compared to q=505 kW/m?, the first temperature peak shifted towards the
test inlet section at =570 kW/m?. A deterioration of the heat transfer near the pipe entrance
section could already be achieved by lower heat flow densities at higher inlet temperatures. At
mass flow densities above G=1000 kg/m?s, deterioration could not be observed in the first
sections up to g=1250 kW/m?, while at G=1400 kg/m?s wall temperature peaks at the pipe end
were only registered at heat flow densities of q>930 kW/m?.

Shitsman 1968 (see Shitsman 1968)

Following the 1963 studies, Shitsman carried out further studies in 1968 using supercritical water.
The heat transfer in stainless steel pipes was analyzed for different flow directions with different
diameters and lengths (d=3-16 mm, I=700-3200 mm). For the visual inspection of the pipe, gaps
(30-40 mm) in the insulation were provided in order to detect temperature peaks while occurring.
Investigations into the boiling behaviour at 10 MPa have shown that the wall temperature peak is
significantly higher at 24.5 MPa at similar heat flow density. The temperature peak caused by
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high heat flow densities was shifted to the pipe inlet by increasing the heat flow density. An
extension of the inlet section, while reducing the heated section, did not change this behaviour.
The wall temperature rises in the flow direction depending on the respective heat flow density. A
higher heat flow density resulted in a higher wall temperature at the outlet in addition to the
displacement of the temperature peak.

When the heat flux density was increased at about G=380kg/m?s from q=500 kW/m? to

=700 kW/m?, a degeneration of the temperature peaks was determined. In this case, the wall
temperature no longer drops after a temperature peak. A downward flow did not produce a
temperature peak with the same boundary conditions as the upward flow. It was concluded that
the temperature peaks arise from an interaction of forced and free convection.
Shitsman assumed that there was a reduction in turbulence in upward flows with high heat input,
so that the boundary layer became laminar and thus led to a temperature peak. It was also
assumed that the temperature peak was related to a reorientation of the flow. Since this
laminarization occurred only due to the changing of the fluid properties, it can only occur below
the pseudo-critical temperature.

In principle, it was concluded from the investigation that in long straight pipes, with large
enthalpy increases and low inlet enthalpies, two wall temperature peaks can occur as a result of
a deterioration of the heat transfer. The first peak is directly related to the pipe entry, while the
second peak occurs just before the pseudo-critical temperature. By increasing the inlet
temperature, the first peak can be avoided. By increasing the pipe diameter, the temperature
peaks could be shifted to the pipe inlet. A variation of the pressure p=24.5-34.3 MPa had no
significant effect on the temperature peaks in the tests carried out. It was concluded that a
laminarization of the flow occurs only if the wall temperature reaches a certain value and thus free
convection is dominated.

Ackerman 1970 (see Ackerman 1970)

In 1970, Ackerman continued the series of experiments by Swenson et al. and deterioration in
supercritical water was investigated on the same test experiment. Ackerman investigated heat
transfer to water at supercritical pressures flowing in smooth vertical tubes and tubes with internal
ribs over a wide range of pressures, mass fluxes, heat fluxes, and diameters. Ackerman referred
to the deterioration in heat transfer, by analogy with film boiling in subcritical water, as pseudo-
film boiling. The experiments with a ribbed tube showed that pseudo-film boiling was suppressed.
This suppression permitted operation at higher heat fluxes compared to operation with smooth
tubes as might be expected for a single-phase fluid when turbulence is enhanced.

At very low inlet enthalpies, still below the pseudo-critical enthalpy, no deteriorated heat transfer
could be determined in a tube with d=9.4 mm at a mass flow density of G=1220 kg/m?s up to
g=1260 kW/m?. Tests carried out at higher enthalpy and inlet enthalpy just below the pseudo-
critical value, instead showed significant temperature peaks from gq=787 kW/m?. Increasing the
heat flux increases the temperature peak, decreasing the mass flux increases the magnitude of
the temperature peak, while increasing it tends to suppress the effect. At pressures close to the
critical pressure, this temperature peak was the highest observed.

In experiments with a tube diameter of d=18.5 mm, a second temperature peak was
observed near the pseudocritical enthalpy. While the first temperature peak is much more
pronounced and then the wall temperature again for a short time decreases, the second
temperature peak is developed over a wide area of the tube. With a larger pipe diameter of
d=24.3mm and a mass flow density of G=406.8 kg/m?s, the sharp peak in temperature at the
beginning of the pipe occurred at low enthalpies. An occurrence of the deteriorated heat transfer

hb[,
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could already be observed at lower values of the heat flux density than in tests with d=18.5mm.
By reducing the diameter from d=24.3mm to d=9.4mm, the permissible heat flux could be
increased by 40%.

Grass et al. 1971 (see Grass et al. 1971)

By modifying Prandtl's boundary layer model, Grass et al. established a correlation for predicting
heat transfer in supercritical water. The Prandtl model can be converted into a representation in
which the thermal resistance of the entire system is considered as parts of the laminar boundary
layer and the turbulent core.

A new heat transfer correlation was given with the basic consideration that the average
temperature of the bulk is the basis for the turbulent part and the boundary layer temperature for
the laminar part. The Prandtl number was referred to the effective boundary layer temperature.
At Pr,<0.5Pry, the fluid properties of the boundary layer temperature are related to the bulk
temperature, while at Pr,>0.5Pr,, they are related to the wall temperature. Using the experimental
results of Herkenrath et al. (see Grass et al. 1971) a mean deviation of less than 10% was
achieved with this correlation.

Ornatsky et al. 1971 (see Ornatsky et al., 1971)

Ornatsky et al. investigated heat transfer in supercritical water especially in small pipes with
vertical upward and downward flows. They used a stainless-steel tube of length I=750 mm and a
diameter d=3 mm to investigate the appearance of deteriorated heat transfer in five parallel tubes
with stable and pulsating flow. They found that the deteriorated heat transfer in the assembly at
supercritical pressures depended on the heat flux to mass flux ratio and flow conditions.

At inlet enthalpies of h,O 1 3 5 0, detedidrakiom of heat transfer in upward flows at g/G
O 0-1.85%J/kg was observed, while there was no deterioration at g/G < 0.9 kJ/kg, independent
of the inlet enthalpy of heat transfer. A temperature peak due to deteriorated heat transfer could
not also be measured at inlet enthalpies of h, > 1350-1500 kJ/kg. For downward flows, the onset
of the deterioration could already be reached at g/G=0.7-0.85 kJ/kg. This is in contrast to
Shitsman (see Shitsman 1968), who found a deterioration in downward flows only at higher heat
flux densities than in upward flows.

With an almost constant heat flow to mass flow density ratio /G = 0.765 kJ/kg and almost
constant inlet enthalpy h,=800 kJ/kg, the mass flow density was reduced in a downward flow to
G=3000-800 kg/m?s. Ornatsky et al. observed that the temperature drop after the temperature
peak decreased as the mass flux was reduced. A temperature drop after a temperature peak
progressively disappeared starting at G=1200 kg/m?s, so that at G=800 kg/m?s there was no
temperature drop. It was then assumed by Ornatsky et al. that the deterioration in heat transfer
and the associated temperature peaks are caused by an interaction between free and forced
convection.

Yamagata et al. 1972 ( see Yamagata et al., 1972)

Yamagata et al. studied the heat transfer in supercritical water with forced convection in horizontal
and vertical flow. The experiments served to determine factors that affect the deteriorated heat
transfer in pipes (d=7.5,10 mm). At low heat flux densities q=233 kW/m? (G=1260 kg/m?s), no
dependence of the flow direction on the gravitational field could be observed, while at
g=698kW/m? there were clear wall temperature differences. Yamagata et al. noticed that the
upward flow has lower heat transfer coefficients than that of the downward flow. At high heat flux
densities and at the same time low mass flux densities, the differences were more pronounced.
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This phenomenon could not be clarified by the investigation. However, Yamagata et al. assumed
that this was probably due to a behaviour similar to two-phase flows or to buoyancy effects.

In order to predict the wall temperatures, a heat transfer correlation was developed based
on experimental data for normal heat transfer. The correlation had a discontinuity when the wall
temperature reached the pseudocritical temperature. This discontinuity had already been
recognized by the authors as a serious weak point. Yamagata et al. also proposed the following
equation for detecting the onset of heat transfer deterioration: g = 200 G*?, this equation was
derived based on experimental data in a 10 mm circular tube.

Jackson and Fewster 1975 (see Pioro and Duffey, 2007)

Jackson and Fewster (1975) modified the correlation of Krasnoshchekov et al. to employ a Dittus-
Boelter type form for Nuo. Finally, they obtained a correlation similar to that of Bishop et al. (1964)
without the effect of geometric parameters and with different values of the constant and
exponents. Hence, it can be expected that Jackson and Fewster correlation will follow closely a
trend predicted by Bishop et al. correlation.

Yaskin et al 1977 (see Pioro and Duffey, 2007)

Yaskin et al. found that available data on heat transfer to supercritical helium in a purely forced
convection flow regime can be correlated on the basis of an analogy with the heat-transfer
process accompanying gas injection through a heated wall. They proposed a correlation in which
0 6 was calculated according to the Dittus-Boelter correlation.

Dyadyakin and Popov 1977 (see Pioro and Duffey, 2007, and A. Nava-Dominguez 2020)

The correlation by Dyadyakin and Popov was the only identified friction factor correlation
developed specifically for wire wrapped bundles at supercritical conditions. The correlation was
obtained based on experiments of a tight lattice seven rod bundle with helical fins under
supercritical conditions. They tested five bundles with different flow areas and hydraulic
diameters. However, as stated, this correlation is expressed in terms of the inlet conditions and
therefore is only valid for the specific experimental configuration. Moreover, it does not take into
account the geometry involved (i.e., pitch to diameter ratio). This correlation fits the data (504
points) to within K20 %. The maxi mum devi ati
curve corresponds to points with small temperature differences between the wall temperature and

on
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Jackson and Hall 1979 (see Pioro and Duffey, 2007)

In 1979, Jackson and Hall reviewed a number of previous works concerning forced-convection
heat transfer to fluids at supercritical pressures. In their review the authors contributed to special
features of heat transfer to fluids at supercritical pressures, they discussed the effects of
acceleration due to heating on heat transfer deterioration as well as the effect of buoyancy.
Based on the correlation by Krasnoshekov and Protopopov (see Pioro and Duffey, 2007), Jackson
and Hall developed a simplified correlation form in 1979. The new correlation simplifies the part
for constant material properties, which has been replaced by a Dittus-Boelter correlation. The
exponent find of the heat e reldyweaagnitude ofrthe tvalland dukkp e nd s
temperatures in relation to the pseudo-critical temperature. With a much simpler structure, the
correlation gave the same good prediction as the original.

Yeroshenko and Yaskin 1981 (see Pioro and Duffey, 2007)

Yeroshenko et al. analyzed the applicability of correlating equations for the Nusselt number of
some of the existing correlations and proposed a new correlation by correcting the Dittus-Boelter
correlation. The correction factor F accounts for possible heat transfer enhancement. The non-
iteration prediction of the supercritical helium heat transfer from a given wall temperature can be
performed for values of Q up to 32. The new correlation predicts about 95% of the experimental
values of Nu within N 2 0.%

Watts and Chou 1982 (see Pioro and Duffey, 2007)

Watts and Chou focused their investigations on heat transfer in mixed convection. Experiments
in tubes (d=25.4, 32.2mm) with different flow directions were carried out in which the test
arrangement used enabled free convection to develop. Experiments were only performed for bulk
enthalpy below the pseudo-critical one, while the wall temperature was partly above Tpc.

Due to the decrease of the mass flux density in a vertical upward flow, the formation of a
temperature peak could be observed. With further decrease of the mass flux, the temperature
peak was shifted to the pipe inlet. An engineering correlation was suggested for vertical upward
flow in pipes, which takes buoyancy effects into account through a correction term.

Petukhov et al. 1983 (see Pioro and Duffey, 2007)

Petukhov et al. performed analyses that involved experimental data from a number of authors on
heat transfer to water, carbon dioxide, and helium for the normal heat transfer regime. The authors
obtained a correlation to calculate heat transfer coefficient.

Bogachev et al. 1983 (see Pioro and Duffey, 2007)

Bogachev et al. used a stainless-steel tube (Q p&a Gl T Mo Q0 T & &) with
78 mm unheated part just upstream of the heated length to study helium flowing in downward
direction, the authors gave special attention to the conditions of heat transfer increase in turbulent
flow of helium where free convection effect can be neglected. Bogachev et al. used Germanium
Resistance Temperature Detectors (RTDs) installed at 15 cross sections along the heated length
(pitch 25 mm), which were pressed through a thin electrical insulating film ( 0 p 11 & on the
tube surface to measure the bulk temperature.

Razumovskiy et al. 1990 (see Pioro and Duffey, 2007)
Investigations on heat transfer and pressure drop in supercritical water were carried out in 1990
by Razumovskiy et al. The authors suggested that when Tp<Tp.<Tw, the heat transfer may
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deteriorate depending on the heat flux which could become dangerous for the experimental
apparatus either due to high maximum temperatures or the occurrence of strong fluctuations in
pressure. Moreover, they stated that the fluid in contact with the element cladding would behave
as a gas-like phase whereas the bulk temperature of the coolant might behave as a liquid-like
phase. This local change in the near wall density affects the hydraulic resistance, similar to the
film boiling phenomena observed in subcritical flows. With the experiments carried out,
Razumovskiy et al. suggested a correction term for the coefficient of friction in isothermal flow
which could be determined and the new correlation using this coefficient of friction has a standard
deviation of 14.5%.

Gorband et al 1990 (see Pioro and Duffey, 2007)
Gorband et al. i nvesti gat e d12ljRel2)tflowing a sulscfitieat and o

supercritical pressures inside a circular tube (d = 10 mm and | = 1 m). The range of investigated
parameters was as follows: P = 1.08 and 4.46 MPa, G = 500 i 2000 kg/m?s, Tin=2071 14 0

AcC

wa t

and q = 6 i 290 kw/m? Gorband et a | -to-fldice moeldllingptecdniqua forf | ui d

supercritical pressures to scale water-equivalent conditions into Freon-12 equivalent conditions
and vice versa. The authors generalized their experimental data to propose a heat transfer
correlation of Freon-12 flowing inside a circular tube at temperatures higher than the critical
temperature.

Griem 1996 (see Griem 1996)

In order to quantify the improvement of heat transfer in water with ribbed and dimpled tubes,
measurements were carried out both on these tube geometries and on smooth tubes in the two-
phase area and above the critical pressure. The experiments showed no improvement in heat
transfer near the pseudo-critical point, which would have been expected due to the large heat
capacity. Moreover, from p=22 MPa, no boiling could be observed before the departure from
nucleate boiling (DNB). Thus, according to Griem, it can already be spoken of supercritical
behaviour, if the heat flux density exceeds a critical value at a certain mass flux density a heat
transfer deterioration occurs.

Based on heat transfer studies in near-critical and supercritical water, a new correlation
with modified heat capacity was developed by Griem in 1996. The heat capacity is calculated
using five interpolation points, in which the two highest values (Cpmax and Cp2max) and thus closest
to the pseudo-critical state are discarded. The average of the three remaining values represents
the characteristic heat capacity. In addition, the correlation takes into account a correction for low
enthalpies.

Kitoh et al. 1999 (see Kitoh et al., 1999)

Kitoh et al. proposed a heat transfer coefficient for forced convection in supercritical water, within
the range of bulk temperature from2 0 t o (Butk @luid&r@halpy from 100 - 3300 kJ/kg), mass
flux from 100 - 1750 kg/m?s, and heat flux from 0 - 1.8 MW/m?.

Koshizuka and Oka 2000 (see Pioro and Duffey, 2007)

The correlation of Koshizuka and Oka is based on their earlier numerical study on forced
convective SC flow of water in a 10 mm diameter tube. The authors performed analysis of the
heat transfer deterioration mechanism by numerical simulation using the ki Uturbulence model.
Transient and accident analysis code for fast reactors and calculation of the Oka-Koshizuka heat
transfer correlation for the safety analysis at supercritical pressure were performed. The authors
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used their correlation for safety analysis in which they concluded that it gives smaller heat transfer
coefficients at low mass flux condition compared with experiments and other existing correlations,
such as the Wattsi Chou correlation and Bishop correlation. In addition, the correlation predicts
higher cladding temperature than other correlations. Location of the hottest cladding temperature

tended to be at the-l hkgh tempentatuegi dgasabove

transfer coefficient should agree with the Dittusi Boelter correlation. The Okai Koshizuka
correlation agrees relatively well with the Dittusi Boelter correlation at this region compared with
the other correlations.

Jackson 2002 (see Pioro and Duffey, 2007)

Jackson modified the original correlation of Krasnoshchekov et al. for forced convective heat
transfer in water and carbon dioxide at supercritical pressures to employ the Dittus-Boelter type
form for Nuo. Hence, it can be expected that the Jackson correlation will follow closely a trend
predicted by the Krasnoshchekov et al. correlation. Based on previous work of Jackson and Hall
(1979) for reviewing and assessing several heat transfer correlations, based on the experimental
data (2000 points) of water (75% of 2000 points) and carbon dioxide (25%). The authors found
correlation of Krasnoshchekov et al. (1967) and its modified version of Jackson (2002) to be the
most accurate ones, 97 % of the experimental data were correlated with the accuracy of N 2 5.%

Kirillov et al. 2003 (see Pioro and Duffey, 2007)

Heat transfer in upward flows of supercritical water in 1 m and 4 m stainless-steel vertical tubes
(d=10 mm) was investigated in 2003 by Kirillov et al. At low heat flux densities, a monotonic walll
temperature gradient could be measured along the tube. At higher heat flux densities, the gradient
depends on the mass flow density and the inlet temperature. If the inlet temperature is above the
pseudocritical temperature, a monotonic gradient was observed even at higher heat flux densities.
At lower inlet temperatures, a deterioration of the heat transfer was observed from g/G > 0.6
kJ/kg, which was evident from temperature peaks.

In 2005, Kirillov et al. continued the investigations started in 2003. The experiments with

water were performed to determine scaling effects on other fluids. The difference between
calculated and measured outlet temperature gave satisfactory results (about 1%).
At a mass flux density G=200 kg/m?s, an increase in the wall temperatures in the range (x / d ®
from q=227 kW/m? was observed in a pipe with a diameter d=10 mm. By increasing the heat flux
density, the wall temperature rise became steeper. At higher mass flow densities G=1500 kg/m?s
the temperature peak at the pipe entrance was less pronounced. Analyses of the causes of the
deteriorated heat transfer were not performed.

Kuang et al. 2008 (see H. Zahlan et al., 2015)

Kuang et al. used their databank of supercritical heat transfer to water for vertical upward flow in
a tube to develop their correlation. They studied the enhanced and deteriorated heat transfer
based on the normal heat transfer coefficient (HTC) predicted by Dittusi Boelter correlation. The
correlation by Kuang et al. was developed for normal and deteriorated heat transfer. Kuang et al.
used the modified Grashof number Gr* to account for the buoyancy effect. In addition, they used
the non-dimensional heat flux number g* to consider the thermal acceleration effect from heating
on the HTC.
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Cheng et al. 2009 (see Cheng et al., 2009)

Cheng et al. developed a new heat transfer correlation based on a selected data points by
Herkenrath et al. (1967) experimental investigation on heat transfer in vertical circular tubes at
high pressures up to 25 MPa. Cheng et al. proposed a correction factor (F) to the general form of
the Dittusi Boelter equation. An extensive analysis was carried out for the effect of various
parameters on the correction factor. It was found that the dependence on the acceleration
parameter is strong and unique and whose relation can be divided into two regions. In the region
of small values of the acceleration parameter, the correction factor increased with increasing
acceleration parameter, whereas in the region of large acceleration parameter, a decrease in the
correction factor was obtained. The relationship in the first region was well described with a single
curve for different experimental conditions, whereas in the second region various curves were
required for different parameter combinations, which can be characterized by the maximum value
of the acceleration parameter. For each combination of pressure, mass flux and heat flux, the
acceleration parameter depends on fluid temperature. The authors stated that for about 70% of
the data prediction the deviation between the measured and the calculated Nusselt numbers falls
into an error band of 20%.

Mokry et al. 2009 (see Mokry et al., 2009)

The Pioro-Mokry correlation was verified within the following operating conditions, only for NHT
and EHT regimes, but not for the DHT regime, SCW, upward flow, vertical bare circular tubes
with inside diameters of 31 38 mm, pressure of 22.81 29.4 MPa, mass flux of 2007 3000 kg/m?s,
and heat flux of 701 1250 kW/m?2. All thermophysical properties of SCW were calculated according
to NI'ST REFPROP software (2013). This corre
wall temperatures. Eventually, this non-dimensional correlation can be also used for other SCFs.
However, its accuracy can be less or even significantly less in these cases.

Yoon et al. 2009 (see Yoon et al., 2009)

Bae et al. carried out an experiment of heat transfer to CO2, which flows upward and downward
in a circular tube with an inner diameter of 6.32 mm, with mass flux of 285-1200 kg/m?s and heat
flux of 30-170 kW/m? at pressures of 7.75 and 8.12 MPa, respectively. The tube inner diameter
corresponds to the equivalent hydraulic diameter of the fuel assembly subchannel, which is being
studied at Korea Atomic Energy Research Institute (KAERI).

The authors evaluated some of the existing heat transfer correlations, among the tested
correlations, the Bishop correlation predicted the experimental data most accurately, but only
66.9% of normal heat transfer data were predicted within N 3 0 éfror range. The Watts and Chou
correlation, which is claimed to be valid for both the normal and deteriorated heat transfer regime,
showed unsatisfactory performance. A significant decrease in Nusselt number was observed in
therangeof pm 'O ¥YQ® ¢ p 1 before entering a serious heat transfer deterioration

¢ pnmclose to the Jackson and Hall és criterdi
entered a new regime and did not return to a normal heat transfer regime, although the value of

buoyancy parameter —z reduced below the deterioration criterion ¢ p 1T .

The authors concluded that this may justify the requirement of developing separate correlations
for the normal and deteriorated regimes. Hence, they proposed that since a single curve,
representing the present experimental data for deteriorated heat transfer, cannot be formulated
unless introducing a highly complicated function, it was decided to formulate functions applying
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to each segment having consistent data. The functional dependence of —— to buoyancy

parameter Bu was found in the segments divided arbitrarily for normal and deteriorated regimes.

Gupta et al. 2010 (see Gupta et al., 2010)

Gupta et al. modified the Swenson et al. (1965) correlation which evaluates the fluid properties in
Nu, Re and average Pr at the wall temperature. Gupta et al. added a viscosity ratio term, to
account for viscosity variations at the wall and at the bulk fluid. Also, it was decided to add an
entrance effect to make this correlation even more accurate. This entrance effect was modelled
by an exponentially decreasing term. The authors stated that the developed heat transfer
correlation has an uncertainty of about N 2 5 fésf HTC values and about N 1 5 fa#r calculated wall
temperatures within the same ranges as Mokr
be noted that this heat transfer correlation is also intended only for NHT and EHT regimes.

Chen and Fang 2014 (see Chen and Fang 2014)

A new correlation for supercritical water flowing in vertical tubes is developed based on the
database available in literature. Chen and Fang compiled 5366 data points from 13 sources. The
data were for water flowing vertically upward in a round tube. They calculated the ratio of
experimental to predicted HTC by Dittusi Boelter; based on the value of this ratio, Chen and Fang
classified each experimental data point in 1 of 3 heat transfer modes: normal, enhanced, or
deteriorated heat transfer. Then, the categorized data were used for assessing each of the 20
Nusselt number correlations. Chen and Fang also developed a new correlation: they reviewed
functional dependence of known correlations and proposed a general form.

The authors compared the results of their developed correlation with some of the existing ones
and stated that their correlation has a mean absolute deviation (MAD) of 5.4% and predicts 95.7%
of the entire database within N 1 5, ¥hile the best existing correlation only has an MAD of 13.6%
and predicts 64.4% of the entire database within N 1 5. ®esides, the new correlation predicts the
normal, improved, and deteriorated heat transfer regimes with an MAD of 5.5%, 5.0%, and 5.6%,
respectively, far better than any existing correlation for the given regime.

Zhao et al. 2014 (see Zhao M. et al., 2014)

Zhao et al. performed an experimental study on heat transfer of supercritical water flowing
downward in circular tubes with 7.6 mm inner diameter on the SWAMUP test facility. More than
3500 test data were obtained with the following test conditions: pressure from 23.0 MPa to 26.0
MPa, mass flux from 450 kg/m?s to 1500 kg/m?s, heat flux from 0.17 MW/m? to 1.4 MW/m? and
bulk temperature from 2 8 0 A C t oEffettloDvaridus parameters on heat transfer was
investigated. Test data in the present study were also compared with those obtained in tubes with
upward flow. In addition, comparison of the test data with available correlations indicates that
none of the correlations give an accurate prediction. Based on the test data and sensitivity study
of various dimensionless numbers, a new correlation was developed in which the authors
introduced an additional dimensionless number “ g to correct the conventional Dittusi Boelter
eguation and give a satisfying agreement with the test data.

Wang and Li 2014 (see Wang and Li 2014)

Wang et al. carried out an evaluation of the heat transfer correlations for supercritical pressure
water in vertical tubes the authors stated that there are still some uncertainties and deficiencies
in the accurate prediction for supercritical fluid heat transfer coefficient due to the large and fast
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variations of fluids properties in the so-called pseudo-critical region. In their evaluation, 15
correlations were selected from the literature and were compared with each other to verify their
capability in predicting heat transfer coefficient of supercritical pressure water in vertical tubes.
Based on the comparison between the calculation results of the existing heat transfer correlations
and the experimental data obtained from the open literature, it was found that the Swenson et al.
correlation and the Hu correlation can reasonably predict the heat transfer coefficient of
supercritical water in the pseudo-critical region. After evaluating these correlations, the authors
conducted polynomial fitting for the collected experimental data and got a new correlation for heat
transfer coefficient of water at supercritical pressures. The authors claim their new correlation can
fit well with the experimental data even in the neighbourhood of pseudo-critical temperature.

Wang et al. 2019 (see Wang et al., 2019)

Wang et al. developed a CFD model to study the turbulent heat transfer of sCO; flows in large
horizontal tubes having diameters of 15.75 mm, 20 mm and 24.36 mm using RANS turbulence
models. The numerical models were validated against experimental data published in literature
to demonstrate the reliability of CFD simulations on the heat transfer coefficient prediction and
buoyancy effect capture to turbulent SCO,. Based on the validated model, several computations
have been performed, involving a wide range of operating conditions, in the range of G = 200i
800 kg/m?s, p = 81 10 MPa, g = 5i 36 kW/m?. The authors concluded that the developed CFD
model shows the best consistencies with the experimental measurements and was also able to
well reproduce the heat transfer characteristics under various conditions and the pressure had a
significant effect on the distribution of heat transfer coefficient, as well its peak drops sharply with
rising pressure. J Wang et al. investigated 6 existing heat transfer correlations for in-tube cooling
of turbulent sCO; in horizontal pipes and found considerable deviations with the existing heat
transfer correlations compared to the experimental data which necessitated the development of
a new correlation to predict the heat transfer coefficients. Based on the computational datasets
from the developed CFD model, a Nusselt number equation based on the Gnielinski form with the
ratio of density incorporated was suggested a new Nusselt number equation is formulated. The
new heat transfer correlation showed a good accuracy with mean absolute relative deviation of
3.3%.

Huixiong Li et al. 2020 (see Li H. Et al., 2019)

Huixiong Li et al. reviewed 34 heat transfer correlations proposed for predicting the heat transfer
characteristics of SCW in vertically upward tubes. Huixiong Li et al. based their studies on large
experimental data set of approximately 12,704 data points and 250 experimental cases retrieved
and collected from the published literatures. The experimental data used in their work covered
the parameters of pressures from 22.5 to 31.03 MPa, mass fluxes from 200 kg/(m3s) to 2500
kg/(m?3s), heat fluxes from 148 to 2000 kW/m?, and the tube diameters from 3 to 38 mm. Among
the 250 experimental cases collected, 134 cases are in the EHT regimes, while 116 cases of
them are in the DHT regimes. Based on the evaluation of the 34 existing heat transfer correlations,
Huixiong Li et al. found significant discrepancies among the results predicted by all the
correlations, and there was no correlation which could give satisfactory prediction under different
heat transfer (i.e. DHT\EHT) conditions and that most of the Nu number values predicted by the
correlations are out of N20% error band. Based
general form of heat transfer correlations for SCW and used multiple-variable linear regression
model in their development. The authors adopted the full set of the experimental data including
both the DHT regimes.
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Pengcheng Guo et al. 2020 (see Pencheng G et al., 2020)

Pengcheng Guo et al. studied the heat transfer coefficient of SCO,, especially under the heating
conditions with high ratios of heat flux to mass flux (q/G). The authors investigated experimentally
the heat transfer of SCO; in a mini tube (d = 2 mm) in the range of p = 7.61 8.4 MPa, q = 100i 200
kW/m? and G = 4001 700 kg/m? s, in which the ratio of g/G was within 2507 500 J/kg. Pengcheng
Guo et al. concluded that the heat transfer coefficient decreased with increasing heat flux and
decreasing mass flux, in addition it was slightly affected by the pressure. The authors stated that
under high g/G conditions, the buoyancy effect was significant, and heat transfer was deteriorated
in the whole experimental setup.

The authors carried out a comparison of the heat transfer correlations for SCO, with the
experimental data; however, the prediction errors of these correlations are relatively high,
especially in pseudo-critical regions. Consequently, Pengcheng Guo et al. developed new heat
transfer correlation for SCO; under high g/G conditions, in which buoyancy effect and variations
in thermophysical properties are both considered. The proposed correlation can capture the trend
of the experimental data and showed a very good prediction with respect to the experimental
Nussel't number , and it was oObserved that the | a
deviation is 4.63%. Pengcheng Guo et al. examined the applicability of the new correlation for
other experimental data of SCO- available in literature, the new correlation can capture the overall
trend of the experimental data in qualitative manner, however this time the standard deviation
increased significantly to be in the range of 11-17.5%.

Zhu et al. 2020 (see Zhu B. et al.,2020)

The pseudo-boiling assumption is introduced to deal with supercritical heat transfer (SHT). Fluids
at supercritical pressures are treated to have a heterogeneous structure consisting of vapour-like
fluid and liquid-like fluid. Similarity analysis between subcritical boiling and SHT creates a new
dimensionless parameter, the K number, representing evaporation induced momentum force
relative to inertia force to govern the growth of wall attached vapour-like fluid layer thickness,
which is key to dominate SHT. The authors used totally, 5560 data points, including newly
obtained 2028 data points for supercritical CO, with pressures up to 21 MPa, and other 3532 data
points cited from 18 articles for carbon dioxide, water and R134a, are used to determine the
coefficients and the exponents of their correlation by the use of regression method. The authors
found that a negative exponent -0.0313 for the K number is better explaining the improved heat
transfer capabilities by increasing pressures. The new correlation was also compared with R22
data. Even though such data were not involved in the development of the correlation, but their
predictions excellently matched the experimental data.

Wahl et al. 2021 (see Wahl et al.,2021)

Wabhl et al. studied the heat transfer of carbon dioxide near the critical point in a horizontal tube
with 2 mm inner diameter. Wahl et al. examined the effects of the CO, mass fluxes in the range
of 4007 1300 kg/m?s, CO: inlet pressures between 77 and 85 bar, CO; bulk fluid temperatures
bet ween 10 and 85 AC and cooling water temperatu
The experimental results were compared with existing correlations for SCO; heat transfer in small
diameter tubes. The authors concluded that heat transfer coefficient increases with increasing
mass flux. The influence of the mass flux on the HTC is significantly stronger near the
pseudocritical temperature and the comparison of the experimental data and the available
correlations showed that it is necessary to propose a new correlation for heat transfer of CO» near
the critical point. Solving a multiple-variable linear regression model Wahl et al. developed a
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modified Dittus-Boelter correlation to predict the heat transfer coefficients with an accuracy of
20%.

A table reporting the mathematical form of the mentioned correlations has been reported
in APPENDIX T Table of correlations from the survey by UNIPI.

2.1.5.2 Assessment of some of the existing correlations
In this section, twenty of the existing heat transfer correlations were assessed against some of
the experimental carbon dioxide data by Kline (2017) and water data by Watts (1980). The
assessment takes into account the anal vy dians
APredictiond mode respectively.

In the correlation mode, the Nusselt number or the heat transfer coefficient (HTC) is
calculated without iterations for wall temperature, i.e. the different dimensionless and thermo-
physical parameters that appears in the original form of the correlation are calculated on the basis
of the experimental wall temperature; on the other hand, in the prediction mode, the HTC is
calculated using all the dimensionless numbers including wall temperature evaluated at the
values of this parameter predicted from the Nusselt number provided by the correlation. The
corresponding wall temperature is calculated based on the estimated HTC, heat flux and bulk
fluid temperature. It is worth reporting that an iteration algorithm had to be developed for wall
temperature, which resulted in convergence issues and produced more than single solutions in
some cases. The challenge at this moment is to identify the most realistic solution and decrease
the uncertainty.

In the correlation mode, the examined heat transfer correlations are firstly applied in their
original form (i.e. the original constants and coefficients) and then their coefficients are
customized for a specific data set by a linear regression analysis. In other words, the analysis
includes trials to establish variants of the same empirical correlations obtained by optimizing their
coefficients on the basis of the chosen data sets, which are composed by a number of local data
in the order of 33,000, including the already mentioned Kline and Watts data. This analysis allows
showing the capability of the proposed correlations to reproduce different phenomena as
observed in the targeted experiments and then to ascertain at what extent these correlations
could be better customized to fit the specific data set.

Based on the analysis of the existing correlations, a general form of heat transfer
correlation for supercritical water heat transfer is proposed as follows;

06 OO & Ed (10)
where & Fd F8hD are the selected dimensionless groups, and ¢ Fo fro o are the constants
needed to be determined. Taking the natural logarithm on the both sides of the above equation,
it follows

1o 11TAG @ o @ Eolld (11)
Equation (11) is a typical multivariate linear regression model, whose least square solution can
be given as
06 O O (12)
where &fthand 6 are the matrices given by
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where Qand ¢ are the number of the selected dimensionless groups and the sample data points,
respectively. By the use of the previous method it was possible to optimize the coefficients of the
selected correlations and investigate them on that basis.

A MATLAB code was developed in order to iterate on the wall temperature. The starting
point in predicting the wall temperature is defining the inlet and boundary conditions, i.e. the
operating pressure, the inlet temperature, the mass flux, the heat flux and the diameter of the
selected data set of the examined case. Then, calculating the fluid bulk thermophysical properties
using the tables of the National Institute of Standards and Technology (NIST), by assuming an
initial guess for the wall temperature, such that the one calculated by the Dittus-Boelter
correlation, the wall thermophysical properties can be calculated using the NIST data base. By
selecting a certain form of a correlation, the values of the dimensionless parameters and
accordingly the Nu number are defined based on the selected initial wall temperature. In order to
update and iterate on the value of the wall temperature, the HTC is calculated from the Nu number
equation and the new wall temperature value is obtained. The difference of the old and new wall
temperatures is compared to a preselected tolerance value and the iteration is stopped once this
tolerance is achieved (see Figure 15).

- ~
|I Given: p,Hin, G,

\ q* D J
N v
[ Calculate Bulk
Thermodynamic
properties - NIST
RefProp
— ) , ¥
Calculate HTC Calculate wall
from correlation Thermodynamic | — | Initial guess Tw
(ex. DB, properties - NIST
| Jackson,...) | RefProp |
Update
Tw*=q"/HTC + Tb Update
Initial guess with
l Tw*
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N
,'/ ~.
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-«——YES < Tw*-Twe<tol NO
HTC & Tw ~ -
.
~ e
~

‘ Calculate EXP
I relative error

Figure 15. Procedure for iterating on wall temperature

In total, 20 heat transfer correlations were considered and applied to the entire database
for different fluids including water and carbon dioxide.

b [,
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Table 2 summarizes the list of selected correlations and their range of applicability. In
addition, a statistical error analysis was performed in order to show the capability of the selected
correlation to reproduce the different heat transfer phenomena as seen in experiments.

p 00 006
p 0o 0o

- %é— " =5 p Tt (15)
00 0o

2-3% g “T p ThHt (16)

It is necessary to perform a thorough comparison between predictions using the different
correlations and experiments. The mean relative error (ME), mean absolute relative error (MAE)
and root mean-square relative error (RMSE) characterize the assessment of predictions using
the correlations in literature. The mean relative error, as formulated in Eq. (14), summarizes the
overall tendency of a correlation to over-predict or under-predict the measured values. Because
ME concerns the sign of the relative error, positive and negative deviations can offset each other,
thus ME can indicate the error distribution. In addition, as in pre-design studies the maximum
possible temperature is of interest and is rather over- then under- predicted, it becomes clear that
heat transfer correlations with a negative and low ME are desirable. On the other hand, the mean
absolute relative error, as formulated in Eq. (15), describes the arithmetic mean of the absolute
errors, expressing the correlation accuracy. Finally, the root-mean-square relative error, as
formulated in Eq. (16), emphasizes larger deviations. In general, large deviations in terms of the
temperature prediction may result in system requirements (e.g. cladding material), which are
unnecessarily high or insufficient.

Figure 16 to Figure 18 show the results obtained by the use of Bae et al. (2009) correlation,
Eq.(17),inficor r el at iAocaniparison df thhe cumulative calculated values of the Nusselt
number to the experimental ones is reported for both original and optimized coefficients case, the
values of the constants and the coefficients are reported in Table 1 for Bae et al. and Chen and
Fang correlations. Clearly, the values of the Nu numbers are a bit more accurate in the optimized
case; itis even clearer from Figure 17 that the trends of the wall temperatures are better predicted
for the case of Kline data. at ?spm@=28KW/nMPactherTi n=1
comparison is presented in Figure 18f or t he case by Watts data at p-=
kg/m?s and q=340 KW/m?, as it is shown, the enhancement by the use of the optimized
coefficients is less visible. This is possibly due to the fact that most of the chosen experimental
data set are CO; data, about 31000 data point and only 2000 data point for water. So, basically
the linear regression algorithm is trained on more many CO- data.
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Another similar set of results obtained using Chen and Fang (2014) correlation, see Eq.
(18), are shown in Figure 19 to Figure 21. Though Chen and Fang correlation was originally
developed for supercritical water the cumulative Nu number and the wall temperature trends are
better represented than by the Bae et al. correlation. The proposed form accounted for 8
dimensionless groups and by the use of a regression analysis software, the number of
dimensionless groups was further reduced. The numerical coefficients and exponents of the

general form of the correlation were found and optimized based on the experimental data using
the least squares method.

Table 1. values of the constants and coefficients used in the analysis.

Correlation C1 Cc2 C3 C4 C5 C6
Chen and Fang (2014) 0.46 0.16 0.10 -0.55 0.88 0.81
Optimized Chen and Fang
(2014) 1.47 -0.02 0.21 -0.17 1.03 0.95
Bae et al. (2009) 0.021 0.82 0.5 0.3 n -

Optimized Bae et al. (2009) 0.0016 1.01 0.61 0.45 0.56 -
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Figure 16. Comparison of the calculated Nu values Vs. the experimental one, using the
correlation by Bae et al. (2009) to find the Nu values in the correlation mode with the use of
original form (left) and the optimized coefficients (right).

CO, Kline's Data, p = 8.35 MPa, T, = 16 °C, G=300 kg/(m?s), q"=20 kW/m? €O, Kline's Data, p = 8.35 MPa, T, = 16 °C, G=300 kg/(m?s), g"=20 kW/m?
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Figure 17. Wall temperature trends predicted using Bae et al. (2009) correlation in original form
(left) and in optimized coefficients (right) for the case by Kline CO, data at p=8.35 MPa,
Tin=16AC, G=aBdye20 KWm>m
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Table 2. List of the selected heat transfer correlations.

Author Range of Applicability Remarks

Dittus Boelter (1930) Subcritical pressures

Bringer and Smith (1959 P:up to 34.5 [MPa] H20, CO2

P: 22.6/29.4 [MPa], G: 4501 3000 [kg m'2 s'1]

Ornatsky et al. (1970) d: 3 mm] H20
P: 22.6/29.4 [MPa], G: 3101 1830 [kg m'2 s'1]
Yamagata etal, (1972) q: 1161 930 [kWm?], d: 7.5/10 [mm] H.0
Jackson and Fewster (1975) Based on the experimental database H20, CO2
P: 25 [MPa], G: 1321 1060 [kg m'2 s'!]
Watts-Chou et al., (1982) q: 1751 440 [KWm-2], d: 25.4/32.2 [mm] H20
Jackson (2002) Based on the experimental database CO2
P: 22.75/31 [MPa], G: 3801 2600 [kg m'? s'!]
Kuang et al. (2008) q: 233i 3474 [kWm2], d: 7.5/26 [mm] H20
P: 22.5/25 [MPa], G: < 3500 [kg m'2 s'1]
Cheng et al. (2009) g: < 2000 [KWm2], d: 10.2 [mm] H20
Yu et al. (2009) Based on the experimental database H20

P: 7.4/12 [MPa], G: 50 7 590 [kg m'? s'!]
g: up to 150 [kWm2], d: 0.57 2.16 [mm]
P: 7.75, 8.12, 8.85 [MPa]

Bae et al. (2009) G: 400, 500, 750, 1000, 1200 [kg m'2s'4] COo, vertical channel
g: up to 150 [kWm2]

P: 22.8/29.4 [MPa], G: 2007 1500 [kg m'2 s'1]
g: 701 1250 [kWm2], d: 10 [mm]

P: 7.4/8.8 [MPa], G: 900 7 3000 [kg m'2 s™1]
g: 157 615 [KWm2], d: 8 [mm]

Bruch et al. (2009) COg, vertical channel

Mokry et al. (2010) H20

Gupta et al. (2012) COg, vertical channel

Wang et al. (2012) Based on the experimental database H20 vertical tubes

P: 8/10 [MPa], G: 1200i 2000 [kg m'2 s'1]

Lee et al. (2013) d: 4.6 [mm]

CO:g, horizontal channel

Chen and Fang (2014) Based on the experimental database H20 vertical tubes
P: 24/24.5 [MPa], G: 500i 1500 [kg m'? s'1]
g: 2407 883 [kWm2], d: 7.5/10 [mm]

P: 23 - 26 [MPa], G: 450 -1500 [kg m'2 s'1]
g: 170 - 1400 [KWm?], d: 7.6 [mm]

Wang et al. (2014) H20 vertical tubes

Zhao et al. (2014) H20 vertical tubes, downward flow

Zhu et al. (2020) Based on the experimental database H20, CO2, R134a

Li et al. (2020) Based on the experimental database H20 vertical tubes

hbJ

5



ECC-SMART Project

D3.5 Report on CFD modelling and simulations in
supercritical conditions

H,0 Watts' Data, p = 25 MPa, T, = 200 °C, G=375 kg/(m?s), g"=340 kW/m?
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H,0 Watts' Data, p = 25 MPa, T,, = 200 °C, G=375 kg/(mZs), q"=340 kW/m?
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Figure 18. Wall temperature trends predicted using Bae et al. (2009) correlation in original form
(left) and in optimized coefficients (right) for the case by Watts H20 data at p=25 MPa,
%6 and8 @=340 KW/h>m
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Figure 19. Comparison of the calculated Nu values Vs. the experimental one, using the
correlation by Chen and Fang (2014) to find the Nu values in the correlation mode with the use
of original form (left) and the optimized coefficients(right).

CO, Kline's Data, p = 8.35 MPa, T;, = 16 °C, G=300 kg/(m?s), 9"=20 kw/m?
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€O, Kline's Data, p = 8.35 MPa, T,, = 16 °C, G=300 kg/(m?s), g"=20 kW/m?
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Figure 20. Wall temperature trends predicted using Chen and Fang (2014)correlation in original
form (left) and in optimized coefficients (right) for the case by Kline CO; data at p=8.35 MPa,

Gs=aBd®€20 KVgm?m
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H,0 Watts' Data, p = 25 MPa, T, = 200 °C, G=375 kg/(m?s), q"=340 kW/m? H,O Watts' Data, p = 25 MPa, T, = 200 °C, G=375 kg/(m?s), q"=340 kW/m?
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Figure 21. Wall temperature trends predicted using Chen and Fang (2014) correlation in original
form (left) and in optimized coefficients (right) for the case by Watts H20O data at p=25 MPa,
Tin=200AC, ?2and {540 KW/ r

Table 3. Assessement for heat transfer correlations for supercritical carbon dioxide data by Kline.

Author ME (%) MAE (%) RMSE (%)
Bae et al. -26.12 26.12 27.52
Zhu B. et al. 2020 -13.74 21.63 23.28
Bringer and Smith
1977 -34.23 34.23 34.61
Bruch et al. 2009 19.41 19.77 26.43
Chen and Fang -28.72 28.72 30.24
Cheng et al. -15.61 16.18 19.26
Fewster and Jackson -24.41 24.41 26.26
Gupta et al. 2012 -11.71 12.20 15.02
Jackson 2002 -23.62 23.62 25.48
Kuang et al. 2008 -18.00 18.00 18.66
Lee et al. 2014 -42.55 42.55 42.69
Li et al. 2020 -30.30 30.30 31.28
Mokry et al. 2010 -23.00 23.05 25.55
Ornatsky et al. 1970 -26.56 26.56 27.59
C.Wang et al. 2012 -25.12 25.13 27.46
Watts and Chou 1982 -15.87 15.91 18.31
Yamagata 1972 -28.74 28.74 30.18
Yu et al.2009 -38.75 38.75 38.97
Zhao et al. 2014 -11.9 15.64 17.72

As mentioned above, tailoring a correlation on the values of the experimental wall
temperature usually gives good trends for the dynamic phenomenon such as heat transfer
deterioration, though this success is biased and cannot be relied upon. On the other hand,
iterating on the wall temperature poses difficulties while applying correlations containing
dimensionless numbers depending on wall temperatures. This problem, unfortunately, is not well
established in literature and it is only recently that some researchers have highlighted it.

The analysis in this report can be regarded as first steps in defining the problem and trying
to find possible solutions to it. Applying what we previously calledtheipr edi ct i ¢1thé
selected correlations resulted in the prediction of the wall temperature for two experimental data

hb[ . &
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cases by Kline and Watts shown in Figure 22 to Figure 27. Wall temperature trends obtained in
the prediction mode by different heat transfer correlation are compared to the case of H-O Wat t s 0
dataatp=25MPa, Tn= 200 AC, Gsyahd =340 gW/h’mespectively.

As it can be seen, the general trend of most of the correlations is very poor and is not
representing the phenomena observed in the experiments. However, correlations by Kuang et al.
(2008) and Bruch (2009) show some sort of jumps near the pseudocritical temperatures. These
jumps are seen in CO, case when using the Kuang et al. correlation, see Figure 22, and in water
case with Bruch et al correlation instead, see Figure 27. In order to understand why these jumps
occur, one possible reason is that there exist multiple solutions for wall temperature at given bulk
fluid conditions and heat flux values. To make sure this was the case, contour plots were made
in order to check the difference between the actual value of the Nu number, calculated on the
basis of the heat flux and a predefined range of wall temperatures, and the Nu number calculated
on the basis of different correlations. A further discussion about this procedure can be found in
later; however, it is sufficient here to say that the loci of the zero of the represented function in the
contour plot are the loci of the wall temperature predicted by the correlation, showing possibly
having multiple roots at some location.

Figure 23 -Figure 26 present thee contour maps for the case of of CO, Kline's Data at p =
8. 35 MPa, Tin = 1%) ad@"'=20 ®A&/3%0uBing kliffefeqt morrelations, more

specifically as it is shown in Figure 25 there exists 3 solutions at about — p ¢ T tand this can

contribute to the jump observed in Figure 22 by Kuang et al correlation. Similar contour maps are

plotted to investigate the jumps appeared in the case of HO Watt sé6 data at p =
200 AC, G=8 am q"k340 kivim? when applying the correlation by Bruch et al., see

Figure 28, and by Zhu B. et al. (2020),see Figure 29. The jump in the case of Zhu B. et al. (2020)
correlation (referred to Bingguo 2020 in the figure legend) is not corresponding to a multiple

solution and may be due to iteration problems and convergence issues, needing further check.

The performance of selected correlations (see Table 3) i s assessed agains
data. In total, 20 correlations are applied, whose limitation in terms of range of flow conditions,
applicable heat transfer mode, and type of fluid are not considered. Statistical error analysis is
performed and shows that correlations by Gupta et al. (2012), Zhao et al. (2014) and Cheng et
al. (2009) are among the leading ones.
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CO, Kline's Data, p = 8.35 MPa, Tin = 16 °C, G=300 kg/(m’s), CO, Kline's Data, p = 8.35 MPa, Tin = 16 °C, G=300 kg/(m’s),
q"=20 kW/m? q"=20 kW/m?
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CO, Kline's Data, p = 8.35 MPa, Tin = 16 °C, G=300 kg/(m’s), CO, Kline's Data, p = 8.35 MPa, Tin = 16 °C, G=300 kg/(m’s),
q"=20 kW/m? q"=20 kW/m?
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Figure 22.Wall temperature trends obtained in the prediction mode by different heat transfer
correlation and compared to the case of CO, K|l i ne' s Data at p = 8. 35 MP
kg/(m?s) and g"=20 kW/m?2,
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Figure 23 Wall temperature trends for CO, K|l i ne' s Data at p = 8.35 MPa

kg/(m?3s) and q"=20 kW/m?obtained by applying Bruch et al. (2009) correlation.
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Figure 24. Wall temperature trends for CO; K|l i ne' s Data at p = 8. 35 MPa
kg/(m?3s) and g"=20 kW/m?2obtained by applying Gupta et al (2010) correlation.
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Figure 25. Wall temperature trends for CO; K|l i ne' s Data at p = 8. 35 MPa

kg/(m2s) and g"=20 kW/m?2obtained by applying Kuang et al. (2008) correlation.
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Figure 26. Wall temperature trends for CO, K|l i ne' s Data at p = 8.35 MPa

kg/(m?s) and q"=20 kW/m?obtained by applying Watts and Chou (1982) correlation.
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H,0 Watts's Data, p = 25 MPa, Tin = 200 °C, G=375 kg/(m?s),
q"=340 kW/m?
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Figure 27. Wall temperature trends obtained in the prediction mode by different heat transfer

correlationsand compared to

t he case of

kg/(m?2s) and g"=340 kW/m?Z.
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Figure 28. Wall temperature trends for H-O Wat t s 0
kg/(m?3s) and g"=340 kW/m?obtained by applying Bruch et al (2009) correlation.
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Figure 29. Wall temperature trends for HO Watt s 6 Data @t 220G ARG, MP=a37
kg/(m?2s) and q"=340 kW/m? obtained by applying Zhu B. et al. (2020) correlation.

In a nutshell, depending on the evaluation method, it remains to be seen whether these
correlations provide a significant accuracy or not. Moreover, the more complex a correlation
becomes, the more many stability problems may occur. In addition, the possible reason for the
divergence in the results of both assessment methods, correlation and prediction, besides the
aforementioned issues, might be found in the method used to derive nearly all investigated
correlations, being a linear regression analysis of experimental data based on the least square
method without considering the iterative solution of the exact Nu number.

As aresult, applying the correlation mode leads to unpleasant results in terms of prediction
accuracy and misinterpreted results in terms of the applicability to thermal-hydraulic system
codes.

2.1.5.3 Analysis of generic correlation forms

Adopted methodology for the analysis
As mentioned in the previous Section, in the first analyses about correlations we firstly moved
along the path of classical data regression techniques, in order to have a quick guess about the
effectiveness of some dimensionless groups in correlating the considered experimental data.
Though we are prepared to go further with a more complete non-linear regression technigue for
correlations in whatever generic form, at the moment we addressed the classical power-law
formulations to be optimised after transformation to logarithmic form.

In similarity with what already described in the previous section, the type of correlation
assumed is the following

Mo
Nu=CQ g (19)
k=2
where p, are relevant dimensionless groups. Shifting to logarithmic form, we obtain:
NP
INnNu=InC 4§ x%In p (20)
k=2
Or

NF'
InNu=x 4 %xIn p (21)
k=2
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Considering N_.. experimental values of the Nusselt number, we have:

data

NP
x+8 %Inp; 3 Ny (i E.., Nuw) (22)
k=2
being a linear system with more many equations than unknowns.
Defining:
a,=14a, dAnp,, (k 2!\[)) b =Ny (i L=, Ng) (23)
the linear system having N, equationsin N unknowns is written as
Ax =b (24)
and its least square solution is obtained by solving the Np3 Np system
ATAx =Ab (25)

As said, in the case in which functional forms other than the power-law type will be considered, it
will be necessary to shift towards a completely non-linear technique of optimisation based on the
Newton-Raphson method, which is presently avoided for the additional complexity that it would
introduce in this first guess approach. By the way, since most of the existing correlation are in
power-law form this approach seems for the time being rather justified.

A simple programme in FORTRAN language has been developed for the purpose of
optimising the coefficients of the power law formulation on the basis of the experimental data by
Watts (1980) and Kline (2017). In total, the number of considered data points is 33314,
representing the digitalisation of plots reported in the available references of 1580 axial trend of
wall temperature, whose great majority belongs t
with the following functions:

1. starting with the experimental values of the bulk and wall conditions, the above described N/

parameters p, ; are evaluated for each one of the N, data series and the resulting X vector

data

of the Npcoefficients are used to evaluate the correlated values of the Nusselt number, to

be compared with the experimental values by evaluating the Root Mean Square of the
deviations by the formulation:

Noara 2

RI\/I%Iu :\/Nl a gNléxpi - I\Ilt!orr,i 8 (26)
data i=1

2. if requested by the user, the values of the wall temperature are updated on the basis of the

obtained correlation and the process of coefficient optimisation can be restarted as in the

above point 1, until a specified number of iterations or, usually, until convergence is reached,

presently identified in terms of a tolerance in the relative error of the new value of the RMS§,

with respect to the one at previous iteration; an under-relaxation procedure is applied in
iterating on wall temperature.

The programme is therefore able to perform evaluations of the correlation coefficients in
two different ways, according to the fAdkasseme!l at i ¢
et al., 2022). In fact:
9 if the process of optimisation is stopped at the first iteration, the correlation coefficients in
vector X are obtained using the values of wall temperature as provided by the database, i.e.,
obtained by experimental trends; this is what in Kassem et al. (2022a) and in the previous
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section is called the ficorrelation modeo, whi cl
predict the observed heat transfer efficiency while used in thermal-hydraulic codes;

1 on the other hand, if the iterations are carried on up to convergence, the obtained correlation
coefficients in vector X will be coherent with the predicted wall temperature values entering
the dimensionless parameters and can be realistically used in codes to provide data in what
in (Kassem et al., 2022)and t he previous section is called
requiring iterations on T, to be adopted.

The program finally prints out the following information:
I the values of Nu,,; and Nu,,. ; to be globally displayed in plots showing the global accuracy

of the obtained correlation;

9 detailed values of the bulk and wall fluid parameters along the channel for each series of data,
in the purpose of showing the local trends of each series, thus suggesting the
phenomenological correctness of the correlation; indeed, global Nu,, . vs. Nu,,; plots

provide only an overall view of accuracy that can be quite misleading in suggesting the real
correctness in the representation of physical phenomena;
1 for a number (presently lower then 10) of data series, the values of the function

Fus(T) =25 e(0)O (1) @)

dependent on a number of useful variables (e.g., x/D and T,,) are obtained, suitable to set

up contour plots similar to the ones in the previous section; since this function is the one that
must be zeroed in any iterative process trying to evaluate the wall temperature on the basis
of the correlation represented by the second addendum at the RHS of (27), these contour
plots are useful to highlight the presence of single, multiple or no solution in this process, as
already shown above.
The latter feature is interesting not only to check the consistency of the wall temperature
calculated during the iteration process but also for showing the presence of branches in the
solutions of the equation that may result in instabilities in the process of convergence. Use of this
feature will be largely made in the following to assess the conclusions obtained by the optimisation
of engineering relationships in both the fAcorrel
in Kassem et al. (2022a).

Assessment of various correlation forms

In the following, some of the correlation forms proposed in literature will be discussed, considering
their appl i c &9880)oann dt oK | (¥0&Ae thess 0 The results obtained in both the
Afcorrelation moded (stopped at the first iterat.i

iterations performed up to convergence) are shown in the general comparison of Nu,, ; Vs
Nu,,,; and also for selected series in the two considered databases. The use of the contour plot

maps is also made to ascertain the presence of possible problems to be expected in convergence
in Aprediction modeo.
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Entrance effects
In order to assess entrance effects, an integral entrance effect multiplier formulation having the
form

1 x D
~ N f (X|) dx g1 +C§e— E (28)

was assumed, resulting in the following form for the local heat transfer multiplier:

f()_din 0P Sur c}? @CxDx(
Xg c X 0 (29)
aD & D& B D "é
=1 € C
= 07 FCt 0 =

So, assuming the values C = 1 and n=0.7 as suggested by McAdams (see the Todreas and
Kazimi (1990) textbook, Chapter 10), we have:

_ aD 0
=1 0.3~ g (30)
(;X =

Needless to say, this represents a possibly controversial choice, taken in the absence of other
possible evidence of different behaviour in front of other choices available in literature. It is anyway
hoped that its effect is concentrated at the entrance of pipes, where an evidence of the need for
such a multiplier is noted, not influencing too much the rest of the experimental trends.

Simple Re* PrY correlation with density and viscosity ratio corrections
A first tried formulation has a classical form reported in literature in different variants, e.g., with or
without the viscosity correction or also with a conductivity correction to be investigated later:

hb[,

e g b & °
Nu:@_+_9§ﬁ-emxg)Ré PF;L-g-ﬁf ®) (31)
g (D) g ¢h = @
The Prandtl number was introduced in the bulk-to-wa | | fiaver agedo version
has been firstly optimised in Acorrelation modec

first iteration. The global result of the fitting is reported in Figure 30, where the data Kline and
those by Watts are separately highlighted. As it can be noted, the fitting looks qualitatively
reasonable and the RMS is equal to 87.36; the values of the obtained coefficients are as reported
in Table 4.

.Table 4. Coefficient and exponents for the correlationin Eq. (31)i n fAcorr el ati on

exp(x) X || X%
0.001976 0.9986 | 0.6321 | 0.3276 | 0.1716

(®) The dimensionless numbers without subscripts are assumed to be calculated with bulk properties.

n
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Figure 30. Global fitting of the simple Re* Pr¥ correlation with density and viscosity ratio
corrections in ficorrelation modeo

In order to better consider the quality in the phenomenological prediction of the observed trends,
the plots in Figure 31 to Figure 34 show the comparison of the experimental and the correlated

trends of wall temperature (on the left in each figure) and the contours of F,;(T,) (on the right

in each figure) for two sample cases in each one of the databases by Kline and by Watts. The
cases are fully identified in each one of the XY plots and in the contour plots, so, their information
is not repeated in the captions for the sake of brevity. The contour plots show the regions in the
plane Tw vs. x/D in which the function takes positive and negative values, delimited by a yellow

coloured line where F . (TW) =0. This yellow line represents the locus of the actual value of the

wall temperature in the fAprediction modeo, i.e.
obtained by a computer code making use of the correlation with converged iterations. Similar

figures will be presented in the following also for other correlations, allowing for a systematic
presentation of data that, though limited to four of the total 1580 series, provides interesting
information.

CO, Kline's Data, p = 8.35 MPa, T, = 16 °C, G=300 kg/(mZs), q"=20 kw/m? €O, Kline's Data, p = 8.35 MPa, T,, = 16 °C, G=300 kg/(m’s), q"=20 kW/m?
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Figure 31. Wall temperature trend for the 15 sample case of the data by Kline
inAicorrelation modeo
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CO, Kline's Data, p = 8.35 MPa, T, = 27.5 °C, G=300 kg/{m?s), q"=20 kW/m?
340
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Figure 32. Wall temperature trend for the 2" sample case of the data by Kline
in Acorrelation modeo

Figure 33. Wall temperature trend for the 1% sample case of the data by Watts
in Acorrelation modeo

Figure 34. Wall temperature trend for the 2" sample case of the data by Watts
in Acorrelation modeo

The contour plots are obtained by processing with a graphical package a 101x101 matrix
of values of K (TW) =0 in terms of x/D and T, - T,, then represented in terms of X/D and

T, for the sake of better clarity in the comparison with the trends shown in the left part of each

figure. Little distortions in the obtained contours appear.

As a comment to the obtained results, it can be noted that while the correlated values on
the left side of the figure show a behaviour that is somehow mimicking the experimental trends,
though being quite different from them, the yellow line is not exhibiting any such trend. This



























































































































































































































































































































































































































































































































































































































