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ARTICLE INFO ABSTRACT

Keywords: This paper presents a detailed analysis of the full Reactor Pressure Vessel (RPV) of SMART with ANSYS CFX 20.2.
CFD SMART is a water-cooled SMR designed by KAERI for an operation with forced convection. The thermal power of
SMART SMART amounts to 330 MWy,. In the integrated SMR-concept, the main primary loop components such as the
SMR . . helical steam generators, pressurizer and canned pumps are located inside the RPV. The CFD model uses a
Thermal hydraulic analysis . . . . . . . .

TRACE concept of full geometrical detail resolution with partial boundary inflation of the mesh and porous media

modelling with sources for momentum and energy for components like the core, pumps and steam generators.
The detailed results obtained with a steady-state RANS simulation using ANSYS CFX 20.2 are very promising as
the comparison of selected core parameters of the CFD-simulation with the ones of the system thermal hydraulic

code TRACE have shown.

1. Introduction

In the frame of the European McSAFER project (Sanchez-Espinoza
et al., 2021), experimental and numerical investigations for the safety
evaluation of water-cooled SMR are performed, where the multiscale
and multiphysics methods play a central role. Hence, new calculation
approaches are under development aimed at multiscale coupling of
system thermal hydraulic codes with CFD and subchannel codes to
improve the prediction accuracy of the three-dimensional thermal hy-
draulic phenomena within integrated RPV of SMRs. For this purpose, the
development of CFD-models of integrated RPV including the core or
parts of it, e.g. the downcomer and lower plenum are required. This
paper presents the developed RPV-model of SMART (System integrated
Modular Advanced ReacTors) for ANSYS CFX20.2. SMART is a small
pressurized water reactor with a thermal power up to 300 MW (100 MW
electric) being developed by KAERI. SMART reactors are applicable for
electricity production as well as to provide heat for desalination pur-
poses with output to meet the demands for a smaller city with a popu-
lation of 100000. A specific feature of the design is the arrangement of
all primary components such as steam generators (SG’s), the reactor
coolant pumps, the pressurizer, and core structures inside the vessel.
Fig. 1 shows the component arrangement. The inner diameter of the
vessel is about 5.3 m, while the inner height is 15.5 m. The vessel con-
tains four canned pumps in horizontal arrangement and eight steam
generators (SG’s). In the right part from Fig. 1, the main flow path is
illustrated. The coolant leaves the SG’s downwards and enters into the
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flow mixer. It leaves the mixer in radial direction towards the inner
vessel wall (blue small arrows) and enters the lower plenum. To achieve
homogeneous mixing on the way to the core inlet, the coolant has to
penetrate through a flow distribution skirt, which has the shape of a
perforated cylinder. Then the coolant enters the core - indicated by red
color-, which has in its active part a length of 2 m. Above this region,
control rod guide tube structures are visible. Having passed the active
core region, the coolant penetrates into an annular gap, which is formed
by an outer cylindrical wall — a barrier against the vessel volume con-
taining the steam generators- and a perforated inner wall. In its upper
part towards the location of the pumps, the gap has a conical shape with
increasing cross section. The pumps supply the coolant towards the
upper inlet of steam generators (SG’s) with a spiral-type rod arrange-
ment for heat exchange with superheated steam on the secondary site.
Previous CFD work by Bae, Kim and Park (Bae et al., 2013) and by Kim
et al. (2015) considered parts of the vessel such as the mixing in the
lower part located around the core. They presented a model for the flow
mixer in detail resolution and distribution skirt as a porous region where
the inlet is located below the SG exit and the outlet below the core
entrance. Mingjun Wang et al. (2020a) investigated the lower plenum of
a PWR with different type of internal structures by a full resolving CFD
model. For all types they found a non-homogeneous mass flow distri-
bution for the assemblies at the core inlet with a maximum for central
assemblies.

Lianfa Wang et al. (2020b) performed a similar investigation for the
upper plenum of a VVER1000 reactor. Different type of perforated
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barrels were investigated. At the hot legs the most homogeneous tem-
perature and flow distribution was obtained by a combination of several
perforated barrels similar as installed in presently operating VVER sys-
tems. M.Wang, Manera, Petrov et al. (Wang et al., 2020c) investigated
the design of a helical coiled heat exchanger used as PDHS (Passive
Decay Heat removal System) in a lightwater reactor by detailed CFD and
RELAP5 system tool simulations. 8 heat exchangers in similar design are
included in SMART vessel. They concluded, that in case of station
blackout 3 systems were sufficient to remove the decay heat of the core.
An overview of the present status of CFD applications and future di-
rections in PWR thermal hydraulic studies is given in the work of M.
Wang et al. (2021). The trend is to generate CFD models for vessels with
resolution of all details except the core, which still requires porous
media modelling. Furthermore, more and more coupling between
various software systems with different modelling concepts at different
scales is in focus of research.

The motivation of this work was the development of a full detail
vessel model with consideration of all components in full spatial reso-
lution or by a porous media approach. Such a model can be used later on
to investigate the thermal hydraulic behavior of SMART under asym-
metric transient conditions such as in case of the failure of a pump or of a
steam generator. The authors build on the previous experience devel-
oping detailed CFD-models of a VVER1000 pressure vessel including all
primary loop components by Bottcher and KriiBmann (2010).
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In Chapter 2, the modeling of the SMART reactor using the ANSYS
CFX code and TRACE is described with special emphasis on the
description of the CFD-models. The discussion of selected results ob-
tained with ANSYS CFX and a comparison of the CFD-results with the
ones of the system code TRACE is extensively presented in Chapter 3.
Finally, a summary and outlook is provided in Chapter 4.

2. Description of the CFD and system thermal hydraulic models

The very first challenge in this research was the generation of a CAD
based geometry of SMART RPV. Not all necessary data is available in
literature. As consequence, several dimensions were estimated or tech-
nical details were added being necessary for structural integrity or
improved coolant mixing to minimize temperature gradients or to
obtain homogeneous flow distribution. The second challenge was to
keep the resulting cell number in a reasonable range because of limited
computational resources and for saving calculation time. This means,
that for several parts an implementation as porous medium was
mandatory such as the SG’s and the core. The pressure losses were
implemented as volumetric momentum sinks. The solver — ANSYS CFX
20.2- allows in porous media regions the treatment of a fluid and solid
phase with a specification of heat transfer conditions between the two
phases. For the SG’s the solid part was considered as Inconel 690 and a
heat transfer correlation for spiral type heat exchanger was used. By
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Fig. 1. Smart vessel layout and flow path visualization, see Choi (Choi, 2014).
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specifying a heat transfer correlation for the heat transfer between
Inconel and the steam phase on the secondary side it was also possible to
calculate — of course in a simplified way-local steam temperatures. A
similar approach was performed for the core.

The solid phase was considered as Zircaloy - the outer cladding
material of the fuel rods. Then a heat transfer correlation considering the
fuel rod arrangement was implemented and allowed to calculate a fuel
rod outer surface temperature. By assuming a cladding thickness, a gap
conductance between inner rod surface and fuel pellet, a pellet diameter
and a pellet conductivity it was possible to calculate the maximum fuel
temperature in the center of the fuel rods by assuming only radial heat
transfer. With these model extensions it was possible to calculate
maximum fuel temperatures, cladding temperatures and steam tem-
peratures on the secondary side and to compare them with results from
previously performed TRACE simulations. The computational grid was
generated by meshing software from Pointwise (www.pointwise.com).
The entire mesh contains about 49.8 mio cells. The core was con-
structed by full structured hexahedra, while for the other regions un-
structured meshing was preferred. In order to save cells, boundary layer
inflation was used only in regions with large velocity gradients and
sensitivity for numerical stability, such as the vertical annular gap
connecting the core outlet and the pump inlets and the inner vessel wall
in the vicinity of the pumps. The spacing of the mesh varies between 1
mm for the wall closest layer thickness of inflated boundaries close to
the pumps and 50 mm in the center of the SG’s. It has to be menshioned
that solid regions were not considered because of low thermal heat ca-
pacity compared with water and the low importance of conjugate heat
transfer compared with heat transfer at forced convection conditions.
Fig. 2 shows the mesh in the lower plenum with the flow distribution
skirt with full resolution of all perforations. For a more realistic design in
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terms of mechanical stability, core support columns were implemented,
which could not be found in present available publications about the
Smart facility.

Also the space between core support plate and the core inlet was
filled with nozzle structures in order to avoid local separation zones.
Furthermore, the shape of the inner vessel wall in the lower plenum at
the bottom was designed compatible with that of a VVER1000 vessel
(see Kolev et al. (2006)). The red color indicates the active core region,
while the blue color designates the core bypass channel.

In Fig. 3 the mesh in the upper plenum is shown. Again, some details
were added or dimensions estimated that could not be found in publi-
cations but were necessary for the model design such as several perfo-
ration holes (top and bottom plates of the SG’s etc.) and the wall
inclination angles in the conical region of the previously discussed
annular gap just below the pump inlets.

2.1. The pump model

One of the most crucial part mainly for the numerical stability was
the design and meshing of the four horizontally installed pumps shown
by Fig. 4. No pump impellers were modelled. Only the central pump axis
was meshed. The intention was to generate a simplified configuration
that was able to deviate the flow momentum direction in a similar way
like the real pump without generating numerical instabilities. The flow
through the created labyrinth is similar to that of a real pump, which is
sucking fluid in direction of the pump axis and supplying into radial
direction of its axis. Between the meander type channels, a limited mass
transfer (small white arrows in Fig. 4) was allowed that fills up possible
flow separation regions and stabilizes the main flow (red arrows).
Furthermore, the mass flow through the pumps was achieved by setting
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Fig. 2. Mesh in the lower plenum.
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Fig. 3. The mesh in the upper plenum.

a mass flow boundary condition at the interface between pump inlet and
the inner flow domain, designated as “int” within Fig. 4. In order to
obtain a homogeneous flow distribution (and to stabilize the simulation)
at the pump outlet a pressure loss coefficient (5000 m™!) inside the
pump domains was specified.

2.2. The core model

The SMART core is designed for a production of 330 MWy, and
contains 57 fuel assemblies. Each assembly carries a 17 x 17 matrix of
ceramic UO; fuel pins with an active length of 2 m. A more detailed
description is given by IAEA (IAEA, 2005) and Horelik et al. (2013).
Fig. 5 presents the total power of each assembly and the axial power
distribution. Assemblies in central position generate the highest power,
while in the outer positions the generated power decreases to about one
third of the maximum. The total assembly powers were implemented in
the CFD model as volumetric source terms with axial dependency given
by averaged axial power factors as shown in Fig. 5. The core model is
surrounded by four bypass channels as previously mentioned. They were
designed for carrying 4% of the total mass flow entering the core. For
numerical stability, the bypass channels were also treated as porous
media with the same properties as the core but without volumetric heat
deposition. It has to be mentioned that the core pressure loss was
considered in terms of a uniform quadratic resistance coefficient. As
consequence, the pressure loss is nearly constant in axial direction and
does not consider any spacer locations.

With some extensions of the CFD model it was possible to calculate
cladding and maximum fuel temperatures for a comparison with TRACE
results. They were based on average assembly parameters given by
Table 1, see also Marin (Mateo Marin, 2017). Furthermore, for the he-
lium filled annular gap between pellet and cladding a heat transfer co-
efficient of 6300 W/m? K was assumed. The cladding material was

considered as Zircaloy with a constant conductivity of 21.5 W/m K and
fuel as UO, with a thermal conductivity similar with the UO, legacy
model implemented in TRACE. The heat transfer between coolant and
cladding surface was calculated by using a correlation for the Nusselt
number by Gnielinski (1976):

(£) (Re — 1000) x Pr

(€9)]
14+127()" (Pr% - 1)

Nugy, =

where f is a friction factor using smooth tube formula by Filonenko
(1954):

f=[1.58 x 1n(Re) — 3.28] > 2

with a validity range of 2300 < Re < 5 x 10% and 0.5 < Pr < 2000.

2.3. The steam generator model

The Smart vessel contains 8 helical coiled steam generator units with
basic geometrical parameters and operation conditions presented by
Fig. 6. In the CFD model the SG’s are modelled as cylindrical porous
media regions with perforated head and bottom plates as shown by
Fig. 3. The pressure loss is handled similar as in the core region by using
a constant loss coefficient. The solid phase of the SG porous media zones
is considered as Inconel 690. Between (primary) liquid and solid phase a
heat transfer coefficient was specified, which finally allows a simplified
calculation of SG rod surface temperatures:

D,
a= 0 = Nu 2

Tcoulant - Tpipe

3

ﬂcoalum

where Q is the heat flux, Dpyq the hydraulic diameter, Acoolant the thermal
conductivity and Tp;pe the rod surface temperature. In the CFD model Q
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Fig. 4. Mesh detail of the pump.

is assumed as spatially constant and calculated as the ratio of Qs (see
Fig. 6) and the total SG rod surface area.

For the Nusselt number of the primary side of the helical coiled SG
pipes a correlation proposed by Kim and El-Genk (1988) is used:

0.25
Nu:CoReBoPrDo(Pr) )

Pr,

where Pris the Prandtl number in the bulk and Pry, is the Prandtl number
at wall. Eq. (4) — also used by TRACE - is a correlation for staggered cross
flow with Re dependent constants presented by Table 2:

P is the pitch and D the pipe diameter, while T is indicating the
transversal direction and L the longitudinal direction, see Trace manual
(TRACE 5, 2013).

Where d; is the SG pipe diameter and Dy is the helical coil diameter.
In this simulation values of 0.017 m and 0.7 m are used.

For the calculation of material properties the temperature has to be
specified at a boundary or by specific temperature conditions at selected
model regions. Therefore, the SG’s heat removal is implemented as
temperature dependent. At steady state conditions each steam generator
removes 1/8 of the total core power of 330 MW, where the average SG
temperature differences between inlet and outlet are corresponding with
the average temperature heat up of the core. The heat sink for each SG is
implemented as follows:

TSGin,i - Tcore.in

1
QSG,!' = - chure (5)

Tcare,aut - Tcore,in

where Tsgin,i is the average inlet temperature of steamgenerator i, Tcore,in
and Teore,out the average core inlet and outlet temperatures (569.15 K
and 596.15 K).

2.3.1. Set-up of the CFD-models

The simulations were performed as steady state RANS (Reynolds
Averaged Navier Stokes) single phase flow with temperature and pres-
sure dependent water properties by using IAPWS (International Asso-
ciation for the Properties of Water and Steam) tables. The solid
component property of SG’s (Inconel 690) was implemented as tem-
perature dependent, while for the porous core model the solid compo-
nent was considered as Zircaloy with a constant thermal conductivity
(21.5 W/m K). For the calculation of fuel temperatures the thermal
conductivity of UO, was considered as temperature dependent similar
with the UO; fuel legacy model in TRACE 5.0. Turbulence was imple-
mented in terms of the SST (Shear Stress Transport) model by Menter
(1993). For stabilization of the solution a 1st order upwind scheme was
applied.

As convergence criteria the standard values of 10~* for normalized
residuals and 1072 as conservation target for global balances were
applied. For the residuals, only values of 4*10~* could be obtained.
Temperature fluctuations at monitor points above the core up to 0.5 K
(at 27 K average heat up by core passing) and small velocity fluctuations
of 0.025 m/s close to the pumps (at an average velocity close to 9 m/s)
indicated steady state conditions with a remaining transient
background.
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Fig. 5. Assembly power [W] (upper pos.) and core averaged axial power profile (lower pos.) (Choi, 2014).

Table 1

Fuel assembly parameters.
Assembly pitch 215.04 mm
Fuel rod diameter 9.14 mm
Pellet diameter 7.84 mm
Fuel rod array 17 x 17, square
rod pitch distance 12.6 mm
P/D 1.378

2.4. Short description of the TRACE model
The TRACE model of the SMART plant consists of the following parts:

e Core model consists of a Cartesian Vessel model,

e Integrated Reactor Pressure Vessel (RPV) represented by a Cylin-
drical Vessel, that includes components such as the pressurizer, the
eight helical steam generators (SGs), pumps, and the flow mixing
devices located around the core,

e In addition, the model contains the steam and feedwater lines,
valves, the containment and the passive residual heat removal sys-
tems (PRHRS).

In the following subchapters, selected SMART-modelling issues are
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Number of tubes 375
Tubes outer & 17 mm
Tubes inner s 12 mm
Tubes length 25.6m
Coil average s 906 mm
Tubes surface 500 m?
Volume 8 m3
Cassette height 6.4m
Cassette outer s 1.35m
Tubes angle 8.41°
Radial pitch 22.5 mm
Axial pitch 20 mm
T1 596.2 K
TO 568.9 K
Qs 411 MW

Fig. 6. The helical coiled steam generator, see Choi (Choi, 2014) (left) and the main dimensions (right).

Table 2
Correlation constants for staggered cross flow.
Reynolds number B C D
1 <Re <500 0.4 1.04 0.36
500 < Re < 1000 0.5 0.72 0.36
1000 < Re < 2 x 10° 0.6 02 0.36
= 0350 (“’/D)r>
(P/D),
2 x 10° <Re < 2 x 10° 0.8 0.031 ((p/mT)Ol 0.36
. L]
(P/D),

described. More details can be found in (Mateo Marin, 2017).

The Cartesian core model:

The core is represented by a 3D Cartesian VESSEL (component no. 10
in Fig. 7) to describe the fluid domain and by HEAT STRUCTURES to
represent the fuel assemblies. The core bypass is modelled by additional
PIPE components. The Cartesian VESSEL is nodalized by a radial matrix
of 9 x 9, where each Cartesian dimension corresponds to the one of one
fuel assembly pitch. Each channel in the vessel represents a fuel as-
sembly except from those that are not needed to represent the core,
which are axially and radially blocked, i.e. they are not part in the
simulation. A total of 57 out of 81 channels has coolant flow. Axially,
each channel is subdivided in 10 nodes. Those levels account only for the
active heat transfer height of the core (2 m), as that is all what is needed
to effectively check the heat exchange in the core. Two extra axial levels
above and below the fuel assemblies are added to represent the volumes
at the core inlet and outlet. For each 3D mesh, of the Cartesian VESSEL,
the axial and radial flow areas, hydraulic and heated diameters, etc. are
provided to TRACE. The SMART fuel assembly is equipped with four
spacer grids spread along the active core height. The effect of the spacer
grids is considered in the TRACE model as pressure loss represented by a
K-factor added axially at the location of each spacer grid, see Sanchez et
al (Sanchez-Espinoza et al., 2018). and USNRC (U.S. Nuclear Regulatory
Commission, 2012). After the flow area and hydraulic diameter of the
channels have been set for vertical and horizontal directions, the fuel
assemblies and their connection with the fluid domain must is consid-
ered. Each of the 57 HEAT STRUCTURE are represented by TRACE with
the same axial levels as the corresponding axial channels of the Carte-
sian Vessel. The core power is represented by the TRACE POWER
component, where more details as the axial and radial power

distribution inside the core and the fuel assemblies are defined.

2.5. The integrated reactor pressure vessel (RPV) model

The Integrated RPV of SMART includes the RPV, the core bypass, the
pumps, the helical steam generators, and the pressurizer, see Fig. 7. This
model is merged with the Cartesian core model described before. It is
connected with the containment model corresponding to the first four
axial levels of it. The eight helical steam generators are located around
the core (component numbers 20 to 27, Fig. 7). They are located in the
fourth ring of the VESSEL component (number 100). The pressurizer is
located at the top of the RPV and it is presented by a PIPE TRACE
component with the type PRESSURIZER (component 80). In addition, it
is connected with the IWRST and the safety valves (PORV and SRV). The
four canned pumps located over the core are modelled in TRACE
(number 41, 42, 43 and 44). Note that the coolant takes a 90° turn
during its pass through the canned pumps, the pumps are modelled in
such a way to take the coolant from a positive radial direction and inject
it at a negative axial direction at axial level 20. In order to model the
coolant turn, the second pump cell has a vertical orientation. K-factors
are included for the turn and the edges with a change in flow area as
predicted in (Sanchez-Espinoza et al., 2018).

The SMART secondary side is represented by the steam lines and
header, the feedwater lines, and the passive residual heat removal sys-
tem (PRHRS). At the inlet and outlet of the helical steam generator coil,
a valve is connected (K-factor of 2.78, open during normal operation).
This valve connects the PRHRS-pipes with an angle of 90°. The steam
header consists of a pipe with 10 nodes where the flow area is growing in
the first three nodes until the area of the pipe is equal to the total flow
area of all helical coils. All helical coils are connected to the first node of
the steam header for better simulation results. The chosen progressive
grow in flow area is done based on the experience simulating PWR and
its length is approximated so the steam stays under superheated condi-
tions until the BREAK, which simulates the turbine with a pressure of
5.2 MPa.

3. Discussion of selected results

The simulations were performed for standard operation conditions at
a core power of 330 MW and for individual assembly powers previously
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Fig. 7. The integral TRACE model of the SMART integrated reactor consisting
of a Cartesian VESSEL (core) and a Cylindrical VESSEL (RPV) and other in-
vessel components.

presented in Fig. 5. At a total mass flow of 2090 kg/s and an operating
pressure of 15 MPa, while the average core inlet temperature is expected
to be 569.2 K. At the core outlet, the coolant is heated up in average by
27 K-596.2 K. Table 3 gives a selection of basic design parameters. Blue
colored parameters indicate secondary loop parameters used only by the
TRACE model.

In principle an implementation of the water/steam flow of the SG
secondary side in the CFD model is possible, but because of convergence

Table 3

SMART main thermal hydraulic parameters.
Total core thermal power 330 MW
Electrical power 100 MW
Operating pressure 17 MPa
Steam pressure 5.2 MPa
Core inlet temperature 569.15 K
Core outlet temperature 596.15 K
Total mass flow 2090 kg/s

Core bypass flow rate 4%

Core inlet velocity 2.1m/s
Core pressure difference 35 KPa
SG cassette pressure diff. 95 KPa
SG coil pressure loss 180 KPa
Steam mass flow 161 kg/s

Progress in Nuclear Energy 164 (2023) 104854

problems, an exorbitant increase of computational costs and limited
time the authors resigned a further model extension. In Fig. 8, the ve-
locity and coolant temperature distributions calculated by the CFD
model are presented. The highest velocities occur at the pump inlets.
Because of the large gradients, this model region was most challenging.
In addition, large temperature differences and flow separation regions
characterize the previously discussed conical gap region that connects
the pump inlets with the volume above the active core -formed in its
center by control rod guide tube structures. As consequence, the shape
could be optimized and technical actions for enhanced mixing in the
core region (and above) should be taken into account for further design
improvements.

The function of the flow skirt and mixer in the lower plenum is to
generate a homogeneous mass flow distribution at the core inlet. Fig. 9
presents a comparison of the assembly wise mass flow distribution at the
core inlet. The local mass flow for each assembly differs significantly
dependent on the radial location from about 38 kg/s in a central location
to 29 kg/s in radial outer location. The TRACE simulation predicts the
mass flow distribution at the core inlet as significantly more homoge-
neous because of a much coarser computational mesh and higher nu-
merical diffusion. Concerning the temperature distribution at the core
inlet the CFD model predicts differences 567.9 K up to 568.6 K with an
average of 568.3 K, which is 0.7 K below the design value. The average
temperature at the outlet is predicted as 595.9 K and is only slightly
below the expectations. Fig. 10 presents a comparison of cladding
temperatures at the contact zone with coolant between CFD and TRACE
analysis. Three assorted assemblies were analyzed: the central core po-
sition C29 (green color, see also Fig. 5), position B6 (red color) at three
layers distance to the center and at a peripheral position Al (black line)
along the core axis. The TRACE values are cross sectional averaged
because of the coarse meshing, while the CFD data is extracted along the
axial assembly centerlines.

Fig. 10 shows a similar comparison for the maximum fuel tempera-
tures in the center of the fuel rods. The local maxima of all curves agree
well with region of locally highest fuel heat release given by the as-
semblies axial power distribution (Fig. 5, right). While for the central
assemblies B and C the local position of the maximum fuel temperature
is nearly the same for both cases, the temperature maxima for assembly
A shows a small displacement between CFD and TRACE analysis.

A reason therefore may be the consideration of axial heat transfer by
conduction in the fuel pins, which is missing in the CFD model. For the
cladding material the situation is the same, but obviously to small
thickness of this layer of only 0.65 mm the conduction in axial direction
is negligible.

For the peripheral assembly Al we have obviously a very good
agreement between CFD and TRACE, but we have to keep in mind that
the heat release for Al (2.5 MW) is the lowest of the presented assem-
blies (B6: 6.3 MW; C29 8.6 MW). The main impact on the deviations of
the cladding temperatures has the difference of the mass flow distribu-
tion at the core inlet. For the central assembly C29 the mass flow by CFD
is significantly higher because TRACE calculates a significantly homo-
geneous mass flow and velocity distribution. A higher mass flow leads to
improved heat transfer conditions and in consequence up to 10 K lower
cladding temperatures. For B6 the situation has changed and mass flow
predicted by CFD is lower that leads up to 5 K higher temperatures.

The differences for fuel temperature calculations are locally signifi-
cantly higher (<100 K) especially in locations close to the axial top and
bottom of the active core zone, see Fig. 11. Several reasons for the de-
viations can be specified. The TRACE model consists of three radial
layers for the fuel zone, one layer for the gap between fuel and cladding
and three layers for the cladding. The CFD model is much coarser by
consideration of only one layer for each zone. Furthermore, axial con-
duction cannot be considered in the CFD model. The calculation of fuel
temperature is sensitive to the thermal conductivity of UO2, which has a
strong temperature dependency. Because of the low thermal conduc-
tivity of UOs, the fuel region has large temperature differences. As
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Fig. 8. Velocity and coolant temperature distribution predicted by ANSYS CFX.

consequence, the one layer model for the fuel region by CFD leads to
deviations against TRACE. The CFD model has its advantages in
modelling the mass and momentum transfer because of the significant
better spatial resolution, while TRACE has a more reliable model for the
fuel pins.

Finally, SG cladding temperatures on the primary side are compared,
see Fig. 12.

While the temperature profile by the CFX model shows a nearly
linear decrease from the upper SG inlet to the lower outlet, Trace pre-
dicts a stepwise decrease with different gradients. This deviations reflect
the different model assumptions. In the CFX model the SG heat sink is
assumed as spatially constant, while Trace also models the secondary
flow inside the helical coiled SG pipes in counter-flow arrangement. The
different gradients of the Trace distribution are caused by multiple flow
regimes inside the tubes from liquid at the lower entrance to multiphase
flow with increasing void fraction until superheated steam at the outlet.

The influence of different SG heat transfer modelling is mainly
limited on the SG Volume if the average temperature at the SG outlet

remains the same. Therefore, a more detailed simulation of the sec-
ondary flow within the CFD model, which would lead to a significant
increase of computational costs in combination with deteriorated nu-
merical stability, is not mandatory.

4. Summary and outlook

In this paper, a CFD model for a small-scaled nuclear pressurized
water reactor was presented, where the whole reactor pressure vessel
with all internal components was considered as a closed system in the
CFD-model. With some extensions, the CFD model was enabled to
calculate local core parameters e.g. cladding and fuel temperatures. A
qualitative good agreement was obtaining by comparing the CFD results
with the one of TRACE considering the different model approaches. The
CFD model will provide reference solutions for 1D thermal system codes.
Moreover, part of the CFD model will be used for multiscale coupling
with TRACE in order to analyze steam line break and ATWS accidents.
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Fig. 9. Assembly mass flow distribution in kg/s at the core inlet for CFD (left) and TRACE simulation (right).
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List of Abbreviations and Acronyms

ATWS  Anticipated Transient Without SCRAM

CAD Computer Aided Design

CFD Computational Fluid Dynamics

IWRST In-containment Refueling Water Storage Tank
KAERI  Korea Atomic Energy Research Institute
PORV Pressure-Operated Relief Valves

PRHRS Passive Residual Heat Removal Systems

SRV Safety Relief Valves
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SMART System integrated Modular Advanced ReacTors
TRACE Trace/Relap Advanced Computational Engine
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