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ABSTRACT

A Computational Fluid Dynamics (CFD) model is depdd for the prediction of heat transfer to
supercritical water (SCW) flowing upwards in veafitubes under the conditions of turbulent mixed
convection. The model is validated using experimledata obtained under the operating conditions
typical for SCW cooled reactors (SCWRs), namelya atessure of 24 MPa, an inner tube diameter of
10 mm, an inlet temperature of 320 or 350 °C ahdated tube length of 4 m. Four values of the mass
flux (200, 500, 1000 and 1500 kgfh and various values of the wall heat flux (raggirom 129 to
729 kw/nf) are considered. The physical properties of SC@/catculated by using the REFPROP
software from National Institute of Standards andchiinology (NIST). The model has been
incorporated into the commercial general-purposd® Geftware, PHOENICS. Various turbulence
models and numerical grid settings are tested.stidy has demonstrated a good agreement between
the CFD predictions and the experimental data enirikide tube wall temperature and heat transfer
coefficient with use of a two-layer low-Reynoldsmber ke turbulence model and a proper numerical
grid spacing. However, this good agreement detesr appreciably under the influence of strong
buoyancy forces at the lowest mass flux value @ R§/nfs. Further research is required to improve
the model's performance under these conditionsctiPah recommendations are made regarding
potential model applications in 3D analyses of SGVR
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1. INTRODUCTION

Nuclear energy is considered a reliable, powerfd anvironmentally-friendly source for electricity
generation in the world in the coming years comgatie fossil-fuelled power plants and renewable
sources of energy such as wind and solar. Howewerent Nuclear Power Plants (NPPs), especially,
equipped with water-cooled reactors, have relatil@v gross thermal efficiencies (30-36%) compared
to those of advanced thermal power plants (55-62%¢refore, there is a need to develop new nuclear
reactors with inherent safety and higher thermfitiehcies in order to increase electricity genieraper
kilogram of fuel and decrease detrimental effectshee environment. To address these issues a mumbe



of countries worldwide are developing next generatir Generation-IV nuclear-reactor concepts (3iX i
total) and, as a result, NPPs will have signifigahtgher operating parameters, especially, tentpeza
(550-1000°C). Also, Generation-1V nuclear techgglavill include SuperCritical-Pressure (SCP) reacto
coolants (helium and water) and/or SCP workingdBuin power cycles (carbon dioxide, helium and
water). Due to this the reliable and accurate iptieth methods for heat transfer in SuperCriticllids
(SCFs) should be developed and verified. Theséadstinclude: empirical correlations, Computational
Fluid Dynamics (CFD) predictions, and use of sgemispose Thermal-Hydraulics codes.

For more than 40 years, CFD [1] has been increbsiaged as a predictive tool in the analyses of
supercritical water (SCW) heat transfer in verticgward and downward tube flows. Compared to
empirical 1-D correlations, CFD studies allow t@Koinside the flow and to have a better picture of
various phenomena related to heat transfer in SCFs.

The standard modern practice is to apply the comialegeneral-purpose CFD codes (FLUENT,
ANSYS-CFX, PHOENICS, etc.) for such analyses. Nwusrresearchers have assessed FLUENT and
ANSYS-CFX for SCW heat transfer modeling with ugaidferent turbulence models and grid settings.
Some recent applications of these codes are dedanlj2-7]. In particular, a detailed review [J]J©FD
applications to the modeling of SCW heat transfewértical tube flows described the advances and
shortcomings in this field. No universal turbulanbdel has been proposed yet in order to enable
researchers to predict accurately SCW heat tramsfes wide range of operating conditions along the
whole heated tube length.

In this paper, a CFD model based on customizingPtHOENICS CFD software [8] is developed and
partially validated using the experimental databaseSCW heat transfer in a 4-m bare vertical tube
(D=10 mm) with upward flow under operating conditiapgical for SCWRs [9-12]. CFD predictions of
the inside tube wall temperatures and Heat Tran€feefficients (HTCs) were compared with
measurements. The results show that the PHOENIOS r@édel can predict experimental HTC values
reasonably well under some operating conditiond, umder other conditions, especially within a
Deteriorated-Heat-Transfer (DHT) regime, disagregnmeay possibly appear between the experimental
data and the CFD results. In general, HTCs in a hdye can be considered as a conservative appiroach
predicting minimum possible HTCs in more complermetries such as bundles.

2. MATHEMATICAL MODEL

2.1. Mean-flow equations:The mean-flow equations for a statistically steaipulent flow are:

0(pU)=0 (1)
0(pU0U)=-0p+(p-p,)g+ 0ol +v,)|oU +0UT)) 2
0(oUn) = 0k +k]OT): h= ijdT ©)

TO
wherep is the fluid densitylJ is the velocity vectory andv; are the molecular and turbulent kinematic
viscosities, p is the relative pressufe,is the reference density is the gravitational vector, the
superscript T denotes that the transpose of thdicly@taken, T is the absolute temperaturanl k are
the molecular and turbulent thermal conductivitiess the specific enthalpy,,@s the thermodynamic
specific heat, i.e. it is the differential ratevariation of enthalpy with temperature at constaneissure,
and Ty is a given reference temperature.



2.2. Turbulence Model: The turbulent viscosity and turbulent conductiatg determined from the two-
layer k€ model of Rodi [13], which uses the standard high® model away from the wall and the
one-equation kil model near the wall to resolve the near-wall \s#tysaffected layer, as follows:

0.(oUk) = 0o +v, 10, |0Kk)+ p(P, - €) (4)
0.(oUe)=0.p|v +v, /0. |0e) + pe(c, B, —c,.)/k (5)
v, =cak?le; k = pyC,lay;: R =v,([0U +(0U) ):0U ©)

where the model coefficients argcg&0.09,06¢k=1.0, 6,=1.314, ¢.=1.44 and £=1.92, ando; Is

the turbulent Prandtl numbeérhe effect ofs; on CFD predictions of SCW heat transfer in the auiv
tube flows has been investigated in [6], but hewenidorm value ofc=0.86 [14] is used for all cases,
unless stated otherwise. Although the buoyancyefasctaken into account in the momentum equation
(2), its direct effect on the turbulence fieldgandred in equations (4) and (5).

In the near-wall layer, the two-layer model fixae dissipation rate, which appears in the k equation, to:
e=cyk®?f,/1; f,=1.+ 53/Re,: Re, =kY2y /v; | =ky, 7)

where ¢=0.1643,von Karman's constart0.41, { is a damping function,lis Prandtl's mixing length,
and y, is the minimum distance to the nearest wall. Turbulent kinematic viscosity in the near-wall
layer is calculated from:

v, = fﬂCﬂkm'm: f,= (1_ e(—0.0198Ren)) ®)

where ¢=0.5478 and,fis another damping function. The one-equation madmatched with
the high-Re ke model at those locations where,R&50.

2.3. Physical properties: The physical properties of supercritical water, apmdensity, kinematic
viscosity, specific heat at constant pressure hathtal conductivity vary dramatically with tempenat
approaching pseudo-critical conditions, and taledlatalues are calculated by the NIST REFPROP
software [15] at the specified operating pressfizitPa, and temperature range of 320°C to 600°C.

3. SOLUTION METHOD

3.1. Flow geometry and conditionsThe case considered is vertical upward flow inlandyical tube
with an inner diameter of 10 mm and a heated tabgth of 4 m under various operating conditions [9-
11]. A cylindrical-polar coordinate syster,(Y, 4 is used to represent flow geometry, and the filow
presumed two-dimensional with axial symmetry. Tlzes of the computational domain in the radial and
axial directions are 5 mm and 5 m respectivelythiZ-direction, the domain is extended 1 m upstream
of the heated section, so as to allow the solutiastablish fully-developed flow profiles at thigation.



Boundary conditions are applied at the inlet (Z& ), the outlet (Z = 5 m), the tube wall (Y =@50m)
and the flow axis (Y=0), which is treated as a sywtmnplane. The inlet temperatui&,, is uniform (320

or 350°C) and the inlet turbulence is specifiedhwatturbulence intensity of 5% and a Prandtl mixing
length of 10% of the tube radius. At the inletuniform velocity profile Vi, is specified in accordance
with the given mass flwG, and the specified inlet temperatufg, The outlet of the tube is defined as a
fixed pressure boundary. For each modeling casejifarm heat flux,q, is a specified at the heated
section of the outer wall (@ >1 m), and elsewhere the wall is taken as adiabati

3.2. Computational details:The model equations are solved numerically udiedinite-volume method
embodied in the general-purpose PHOENICS CFD c@&jleThis method uses a staggered-variable
arrangement for the velocity components and seadables, and the effects of convection and diffius
are weighted using the hybrid differencing schefr@.[The solutions of the discretised conservatind
turbulence transport equations are obtained usingesative pressure-correction method based on the
SIMPLEST algorithm [17].

The computational grid used for the finite-volumethod is uniform in the axial direction and non-
uniform in the radial direction. The radial grid msade significantly finer near the tube wall and it
expands towards the axis of the tube: a geometdgression distribution with an expansion ratio- of
1.08 is used in all the runs for consistency. Tamloer ofradial grid cells varied from 40 to 100 and the
final runs are made on grids containing 80x400 H3@k400 cells based on grid sensitivity studies.

For all validation runs, the non-dimensional disgfrom the wall to the first grid nodg, is less than
unity, which is in accordance with recommendationghe use of low-Re turbulence models in previous
CFD analyses of SCW heat transfer [2-7]. In paldicy" is around 0.1 in most runs. It is calculated
fromy*=u’.y:/v, whereu' is the friction velocityy; is the radial distance from the wall.

The physical property values generated by REFPR@®Rised to provide a separate MS-Excel table file
for each individual property, and these files dmentread by the PHOENICS solver at run time. Aheac
computational cell, the physical properties arecwated using linear interpolation to the local
temperature value. For simplicity, the PHOENICStomszation tool, INFORM [8], is used for linking
the PHOENICS solver with the REFPROP data baseadstf using FORTRAN coding and creating a
private version of the PHOENICS solver.

3.3. ConvergenceThe convergence requirement is that for each séhitd-volume equations the sum
of the absolute residual sources over the wholetisol domain is less than 1% of reference quastitie
based on the total inflow of the variable in qumstiAdditional requirements are that the values of
monitored dependent variables at a selected lotalio not change by more than 0.1% between
successive iteration cycles, and that the absolatees of the largest corrections to each variable
anywhere in the domain fall to a negligible frantiof the value being corrected. The double-pregisio
solver is employed for better accuracy, as othenwisomplete convergence was obtained for somescase
due to rounding error.

4. RESULTS AND DISCUSSION

4.1 Experimental Conditions: The CFD model described in the previous sectioralglated using the
experimental data obtained at the State Scier@iécter of Russian Federation - Institute for Ptsysied
Power Engineering supercritical-test facility (Ohsl, Russia) [9-11]. This set of data was generated
within the operating conditions close to those G¥/&Rs.



Table | summarizes the test conditions for eachukitad experiment. The main parameters that
differentiate the validation cases are the mass @, the wall heat fluxg, and the inlet temperatuf@,.

In all cases, the operating pressufethe inside tube diametdd, and the heated tube length, are the
sameP = 24 MPapD = 10 mm,L, =4 m. As noted earlier, a turbulent Prandtl nemtfs; =0.86 is used
for all cases, although for comparison purposesdaiitional calculation is made for Case 7 with1.2.

Table Il compares the dimensionless parameRes@r andRi) in the two validation cases (Cases 6 and
8). The values of Reynolds numbeRe, Grashof numberQ@r), and Richardson numbeRij were
estimated using the following equations respeativel

Re=YinD . Grz(lLZ’pm)ng3 . Ri=Gr/Re? ©)
Y Y

whereD is the tube diamete¥;, is the inlet velocity, ané:» is the molecular kinematic viscosity at the
inlet; 2=+ is the minimum density at the outl&t» is the density at the inlet, agds the gravitational
accelerationd = 9.81 m/§. The Richardson number expresses the relativeriapce of natural to
forced convection, and it is closely related to secalled Jackson buoyancy parameter (Bo=Gr/Re"2.7
but with differing Gr definition) [18Jused by some other researchers [19] for assess$iather buoyancy
effects impact significantly on the near-wall hgansfer processes in SCW flow in tubes.

Table I. Validation cases P=24 MPa,D =10 Table II. Comparison of parameters in Cases
mm, L, =4 m) 6 and 8
Case| G, kg/m’s | g, kW/m? | T, °C Parameters Case 6 Case 8
1 1500 590 350 Vin, M/S 0.81 0.32
3 1000 387 320 O ene, kg/NT 197.5 101.4
4 1000 581 350 Re 6.9410° 2.7610"
5 1000 681 350 Gr 4.9710° 6.1010°
6 500 141 350 Ri 0.10 0.80
7 500 334 350
8 200 129 350

4.2 CFD Model Validation: The bulk fluid temperature, the inside tube wathperature and the heat
transfer coefficient are calculated along the tetétbe length and compared with experimental data i
Cases 1 to 8 listed in Table I. Figures 1-9 shasvabmparisons of CFD predictions (solid lines) olkb
fluid temperature, inside tube wall temperature &edt transfer coefficient with experimental values
(dots).

In the first six cases considered in this papeiséSdl to 6), the agreement is very good along tiwewr
tube length (see Figures 1-6 for more details). Albe lines/dots show the predicted/measured Hull-f
temperature T,). The averagel, values obtained from the CFD (solid lines) prdgismatch the
experimental values, as shown in Figures 1-6. Als®red dots and red solid lines representingrside
tube temperaturé,, are close enough. However, some experimentalpaiate not perfectly fitted to the
CFD results. In particular, in Case 6 (see Figirewe have possibly a number of faulty signalsnfro
thermocouples at the axial locations of about 1.2 m and close to 4 m.



In Case 7, the quantitative disagreement betweenpthdictions of tube wall temperature and heat
transfer coefficient and their experimental valbesomes more significant (see Figure 7). This difiee
decreases with an increasePin from 0.86 to 1.2 (see Figure 8). The predictiontamed withPr, = 1.2
agree well with experimental data over the wholatée tube length except in the immediate vicinity o
an axial location of 0.5 m. At this location, aa®HT regime is observed experimentally. This nei

is characterized by an unexpected local drop in K@ldes and a corresponding local rise in the wihlé
temperature. It is not predicted by the current Chdzlel.

In Case 8 (G=200 kgfts), the disagreement between predictions and m@asuts increases further.
Figure 9 shows a comparison of CFD results witheepental data in this case. It is seen that tiseee
good agreement between the predictions and theimqrgal data within the heated tube length frota 0
0.5 m and from 3 to 4 m, where we have the normglregime. However, the prediction of HTC
overestimates the experimental HTC values quiteifstgntly within the central part of the test sent
(at axial locations from 0.5 to 3 m). This disagneat is possibly due to inability of current mode!
predict the DHT regime observed in this area. THE Degime can be linked to a separation of a heated
wall with low-density fluid (i.e., “gas-like” fluijl (lower HTCs) from high-density fluid (i.e., “ligd-like”
fluid) flowing in the core (higher HTCs). Anothpossible reason for DHT can be a significant eftdct
buoyancy force on heat transfer in Cas&kB=0.8). However, some other reasons for the Détfime
can exist. Usually, the DHT regime can be elinedaby increasing mass flux as it is seen in Figure
corresponding t& = 500 kg/ms (in this caseRi= 0.1) or by decreasing heat flux.
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Figure 3 Comparison of CFD Predictions
(Solid Lines) with Experimental Data in Case
3 (G = 1000 kg/nfs, q = 387 kwW/nf).
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Figure 4 Comparison of CFD Predictions
(Solid Lines) with Experimental Data in Case
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4.3 Flow Characteristics in Cases 5 to &igure 10 shows contour plots of fluid temperatwedocity,
density DEN2), laminar kinematic viscositygNUL), specific heatl(FCP in J/kg.K) and laminar Prandtl
number PRTL=pG/K) predicted in Case F(=350°C,G=1000 kg/(ns), =681 kW/nf).

The origin of cylindrical coordinate system is It in the center of inlet tube section (left botto
corner). A red pencil with yellow end (a probe)high is located at the low right corner of the
computational domain, shows the center of outletiae. The values of calculated variables at thisp
location and their average values in a plane asesshn the high right corners of the figures. Flarity

of presentation, the scale in the Y-direction ré&ased by a factor of 200 in all the figures.

The axial dependence of the laminar Prandtl nuristheot monotonic: there is a local maximum of about
11.3 in the tube area where the local fluid temjpees are close to the pseudo-critical temperatéire
381.2°C, and the specific heaHCP) reaches the maximum value close to 121.93 kJ/kgK.

In Case 5, the Reynolds number Re=1.39E+5; theh@famimber Gr=6.28E+8; and Richardson number
Ri=0.033. This flow is a mixed-convection upward flova heated tube, where the buoyancy force
caused by density difference becomes important initrease irRi [20-22]. A detailed review of such
flows was provided in [20], where, in particularwas concluded that the use of low-Reynolds-number
turbulence models was required in order to preaticurately the heat transfer characteristics ss¢hlze
wall temperature and heat transfer coefficient glthe heated tube length.

Due to a large decrease in density (from 621 taiaB6 kg/n) along the heated tube length, there is a
significant acceleration of flow: the velocity imases from an inlet velocity of 1.61 m/s to valupgo
8.37 m/s at the tube outlet. Figure 11 shows tipenidencies of axial velocity on radial distancerfithie
tube axis predicted in Case 5 at different distarfcem the tube inlet (1, 2, 3, 4, and 5 m). ltais
illustration of significant flow acceleration. Hower, the effect of buoyancy on radial profiles afah
velocity is not significant in this casRi€0.033).

Figure 12 shows the radial profiles of axial vetpdn Case 6 G=500 kg/nis, g=141 kW/ni, Ri=0.1).
The velocity-profile data were predicted at fivéfelient distances from the tube’s inlet (1, 2, 3aAdd 5
m). Due to a large decrease in density (from 624btmut 140 kg/r}) along the heated tube length, there is
a significant acceleration of flow: the velocitycreases from an inlet velocity of 0.94 m/s to valup to



1.6 m/s at the tube outlet. As in Case 5, the efiebuoyancy force is negligible: at each axialdtion,
the maximum velocity is predicted at the tube &atsa radial distance Y=0 m).

For an increase iRi, the effect of buoyancy force on fluid velocitydatemperature increases and the
radial profile of axial velocity starts to haveadl maximum between the tube axis and tube whis T
effect was demonstrated in [23] for an ascendimgflaw in a vertical heated pipe &e=25,000 and
Gr>10°(Ri>1.6).

Figure 13 illustrates the above buoyancy effectlisted in Case 7T(,=350°C,G=500 kg/(nis), =334
kW/m?). This figure shows the radial profiles of axialacity calculated at different distances from the
tube inlet. The modest local maximums (betweenttie axis and tube wall) are predicted for radial
profiles of axial velocities at the distances o&r&d 3 m from the tube inlet. It is an indicationtbé
moderate local effect of buoyancy on fluid veloclty this caselRe=6.94E+4 Gr=6.21E+8 andRi=0.13.

Figure 14 shows the radial profiles of axial vetpdn Case 8 G=200 kg/nis, Ri=0.8). Due to a
significant effect of buoyancy force in this cafesse profiles at the axial locations of 2 and 8am the
tube inlet have local maximums between the tubé aval tube axis. These maximums are not predicted
if the buoyancy effect is ignored in the momentuomservation equations (see Figure 15). Comparing
Figures 14 and 15 confirms that a special behafieelocity at 2 and 3 m in Figure 14 is relatedhe
effect of buoyancy force. Additionally, the effemft buoyancy forcevas studied by plotting the radial
profiles of turbulent kinetic energy (TKE) with amdthout gravitational acceleration. These prdafi(at
axial distances of 1 and 2 m from tube inlet) dreva in Figures 16 and 17 respectively. The efédct
buoyancy force is significant when the gravitaticezceleration was accounted for (Figure 16).

For values of the Richardson numbRf, >0.1, buoyancy will have a significant effect e near-wall
turbulence-transport processes. For the DHT casesl B,Ri=0.13 and 0.80 respectively, indicating the
importance of both natural and forced convectidn.practice, under these conditions, there willabe
local laminarisation of the flow due a marked redwuc in the turbulence production following a
modification of the radial distribution of the velty and turbulent shear stress due to buoyancy, as
explained in [22-23]. When the flow rate is reduoedthe heat flux is increased sufficiently, the
buoyancy force becomes much stronger, accelertitiflow velocity near the heated wall. This letals

a flatter velocity profile, and so the turbulensesuppressed through the reduction in the meareityelo
gradient that appears in the turbulence energyymtazh termP,. Consequently, this leads to a reduction
in the HTC and an increase in the wall temperature.

For Cases 1 to 6, the model predictions provide@gnatch with the measurements, but for the DHT
Cases 7 and 8 the model underestimates the walietetture over most of the tube length and fails to
capture the abrupt DHT regions. The disagreementéses 7 and 8 is believed to be largely duedo th
fact that under these mixed-convection conditidhs, 2-layer turbulence model produces insufficient
damping of the turbulence in the near-wall regionth the result that the wall temperatures are
underestimated along most of the tube length. Thdeidoes reduce the turbulence significantly for
Case 8 as compared to Case 6, as may be establighedamining contour plots of the turbulence
distortion ratio P/e) and the local turbulent Reynolds numbeyv]. However, the turbulence isn't
damped enough, which means that using a constaiy-\escosity coefficientc,Cq is likely to be
unsatisfactory under these conditions. Thereforenase sophisticated representation of the near-wall
turbulence processes is required, such as for dedomypmaking bothy and the turbulent Prandtl number
functions of both turbulence and buoyancy pararagterd then including buoyancy terms in khende
equations, but with the vertical turbulent heak faomputed from an implicit algebraic heat flux rabd
derived from a second moment turbulence closure.
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Figure 10 Predicted 2D Contours of
Temperature, Velocity, Density, Laminar
Kinematic Viscosity, Specific Heat and
Laminar Prandtl Number in Case 5
(Tin=350°C,G=1000 kg/nts, g=681 kW/nr).
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5. CONCLUSIONS

The commercial general-purpose CFD software, PH@E\2014, has been customized and validated for
modeling the SCW heat transfer in a vertical tupaard flow under the operating conditions typiaal t
SCWRs: a pressure of 24 MPa, an inner tube diamé&ted mm, an inlet temperature of 320 or 350°C, a
heated tube length of 4 m, the three values of rikas$500, 1000 and 1500 kgfs) and various values

of wall heat flux (from 141 to 729 kW/hn

The two-layer low-Reynolds-numberekmodel has demonstrated a good performance proviteda
turbulent Prandtl number of 0.86 is fixed and tba-dimensional wall distangg is kept below unity.

The study has shown a good agreement between tBep@felictions and the experimental data on the
inside wall temperature and heat transfer coefficie most validation cases. No model tuning is enad
for validation purposes within a wide range of floanditions.

A further model development is required under tbeditions of low values of mass flug, so as to
predict accurately the inside tube wall temperatur@ heat transfer coefficient. For these casese€Ca
and 8), the effects of buoyancy forces on the medir-heat transfer processes becomes significauat, a
the accuracy of the wall-heat-transfer predictibasomes much less satisfactory.

The partially validated CFD model of SCW heat tfanin a vertical upward tube flow is recommended
for practical 3D geometries under the conditionsmaiderate effects of buoyancy (moderate values of
Richardson number).

NOMENCLATURE
G Specific heat at constant pressure, J/kg- K
D Inner tube diameter, m

DEN1 Density, kg/m



ENUL Laminar kinematic viscosity, s
G Mass flux, kg/ms
HTC Heat transfer coefficient, kWK

k Thermal conductivity, W/m-K
L Length, m

LFCP Specific heat, J/kgK

P Pressure, Pa

q Wall heat flux, KW/m

T Temperature, °C

\Y Velocity, m/s

Greek Letters

% Molecular kinematic viscosity, s
p Density, kg/m
i Molecular dynamic viscosity, Pa s

Dimensionless Numbers

Gr Grashof number({-poulpin)gD*/vin?)
PRTL Laminar Prandtl numbepCy/Kk)
Pr, Turbulent Prandtl number

Re Reynolds numbe}{Vi, /vin )

Ri Richardson numbeG/R€)

Subscripts
h heated
in inlet

out outlet

Abbreviations

CFD Computational Fluid Dynamics

SCW SuperCritical Water

SCWRs SuperCritical Water Reactors

NIST National Institute of Standards and Technology
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