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Abstract: Recent R&D activities in nuclear fusion have identified the DEMO reactor as the ITER
successor, aiming at demonstrating the technical feasibility of fusion plants, along with their com-
mercial exploitation. However, the pulsed operation of the machine causes an “unconventional”
operation of the system, posing unique challenges to the functional feasibility of the steam generator,
for which it is necessary to define and qualify a reference configuration for DEMO. In order to
facilitate the transitions between different operational regimes, the Once Through Steam Generator
(OTSG) is considered to be a suitable choice for the DEMO primary heat transfer systems, being
characterized by lower thermal inertia with respect to the most common U-tube steam generators. In
this framework, the ENEA has undertaken construction of the STEAM facility at Brasimone R.C.,
aiming at characterizing the behavior of the DEMO OTSG and related water coolant systems in
steady-state and transient conditions. A dedicated OTSG mock-up has been conceived and designed,
adopting a scaling procedure, keeping the height 1:1 of the DEMO OTSGs. The conceptual design
has been supported by RELAP5/Mod3.3 thermal-hydraulic calculations. CFD and FEM codes have
been used for fluid-dynamic analyses and mechanical stress analyses, respectively, in specific parts of
the component.

Keywords: DEMO; water technologies; STEAM facility; experimental installation; once through
steam generator (OTSG); RELAP5

1. Introduction

In recent years, relevant R&D activities on fusion technology have led to the con-
ceptualization of the DEMO (DEMOnstration Power Station) reactor [1], an evolution of
the ITER experimental reactor [2]. These efforts aim at demonstrating the fusion reactor
feasibility and its electricity production at competitive prices with respect to other energy
sources [3]. The complexity of the fusion machine design has led European countries to
focus their research efforts by founding EUROfusion, a European consortium for nuclear
fusion development [4].

As a partner of the EUROfusion Consortium, ENEA (Italian National Agency for New
Technologies, Energy and Sustainable Economic Development) pursues R&D activities to
develop the Water Cooled Lithium Lead (WCLL) Breeding Blanket (BB) design [5], selected
as the driver concept for DEMO, in the framework of the BB and Balance of Plant (BoP)
work packages of the EUROfusion Power Plant Physics and Technology Programme.

One of the peculiar features of the fusion machines is the pulsed power generation
from the plasma, which determines unique challenges to the functional feasibility of the
components [6], especially of the heat sink (i.e., steam generator), making it necessary
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to define reliable control logics, capable of distinguishing the operational transients (i.e.,
pulse-dwell-pulse phases) from the accidental ones.

The “unconventional” operation of the fusion reactor has led to the selection of the
Once Through Steam Generator (OTSG) as the main heat sink [7] since it is characterized by
lower thermal inertia with respect to the most common U-tube generators, and therefore, it
is more suitable for following the variability of the power load. The research activity has to
demonstrate the possibility of translating the well-proven Pressurizer Water Reactor (PWR)
technology in a fusion reactor plant.

In this framework, a new multipurpose experimental infrastructure, named W-HYDRA,
will be designed, constructed and operated at ENEA Brasimone R.C. Among the facilities
constituting this new platform, STEAM [8] is designed to experimentally investigate the
DEMO BoP, focusing on the Steam Generator (SG) of the BB Primary Heat Transfer Systems
(PHTSs). The STEAM facility will be mainly made up of two loops reproducing the DEMO
PHTS and Power Conversion System (PCS), respectively, thermally coupled by means of
the test section (i.e., the OTSG), which is a scaled-down mock-up of the DEMO OTSGs.

A design activity has been performed to achieve a preliminary layout of the OTSG
mock-up to be installed in the STEAM facility. Such a study has been supported by means
of a Thermal-Hydraulic (TH) analysis of this component using the SYStem TH (SYS-TH)
code RELAP5/Mod3.3 [9]. The conceptualization of the STEAM OTSG starts from the
preliminary qualification of the RELAP5/Mod3.3 code against experimental data related
to the correspondent component installed in the Three Mile Island (TMI) nuclear power
plant. After that, the sizing of the Breeding Zone (BZ) OTSG has been performed and
its TH performances during DEMO normal operations have been fully characterized [10].
Finally, a scaling procedure has been applied to the BZ OTSG to design the STEAM mock-
up [8]. Different configurations have been analyzed with the RELAP5/Mod3.3 code and
further optimization has been implemented to obtain a configuration suitable for the
facility requirements. In addition, CFD analyses on the riser tube support plates (i.e., grids)
and Thermo-Mechanical (TM) analyses on the tube sheet have been carried out and are
presented in the following.

2. RELAP5/Mod3.3 Model Qualification through TMI OTSG Experimental Data

This paper focuses on the realization of a numerical model of the STEAM OTSG
mock-up, aiming at supporting the design and the realization of the component and its
integration in the circuit. The TH analysis and simulation of this component have been
performed using the SYS-TH code RELAP5/Mod3.3.

A preliminary activity has been dedicated to the verification of the code capabilities in
simulating the thermal-hydraulic behavior of an OTSG, in a configuration envisioned for
the DEMO reactor. Among the builders of PWRs, Babcock and Wilcox (B&W) Company [11]
is the only supplier of OTSGs [12,13]; therefore, the B&W OTSG of TMI power plant [14,15]
has been taken as a reference for the analysis (see Figure 1, left). A 1-D numerical model
has been set up using RELAP5/Mod3.3 (see Figure 2) reproducing both the primary side
(PS), i.e., tube side, and the secondary side (SS), i.e., shell side, of the component.

RELAP5/Mod3.3 nodalization consists in an open loop that focuses on the component
T/H investigation, neglecting the rest of the loop. Fluid boundary conditions (e.g., pres-
sure and temperature) have been set by time-dependent volumes, while time-dependent
junctions fix the mass flow rate.
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Primary coolant enters the upper plenum through a single inlet nozzle (Figure 1,
right), flows downward tube side and exits through two outlet nozzles in the lower plenum.
Secondary fluid (i.e., feedwater) enters the OTSG through the circular header located above
the mid-plane of the system in Figure 1. Water is injected in partially external pipes, whose
internal part is equipped with 32 perforated nozzles. Feedwater is here sprayed downwards
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into the annular downcomer (DC) between the shell and the shroud up to the water ports,
where it changes its direction entering the riser (the shell side region between the primary
tubes and the shroud). The tube bundle is structurally supported by 16 grids (tube support
plates, TSPs) characterized by a mutual distance of approximately 1 m. The main feature
of the OTSG is the recirculation zone, placed slightly above the feedwater inlet nozzles,
which allows steam bleeding from the tube bundle in order to pre-heat the feedwater up to
saturation conditions in correspondence with the tube bundle inlet. Flowing up through
the tube bundle, the water vaporizes achieving superheated steam conditions on the top.
Then, the steam is collected inside the annular DC and it exits toward the steam line.

The active length axial nodalization of both the primary and secondary sides respects
the slice modeling approach. After mesh sensitivity, the selected mesh size for the thermal
height is about 20 cm. Heat structures have been introduced in the model of Figure 2 to
simulate the thermal coupling between the primary side and secondary side (i.e., the tube
bundle with HS 310-1 and the lower and upper tube sheets with HS 113-3), allowing in such
a way the power exchange along the OTSG active region. The model also includes heat
structures reproducing the thermal losses toward the environment (HS 113-4 and 312-1).
The axial meshing of the heat structures is the result of the slice modeling approach. The
radial conduction has been taken into account by dividing the heat structure thickness (that
contains also the insulation thickness for passive structures) into 14 intervals.

The model described above has been used to perform a set of simulations aiming
at qualifying it for its utilization during the scaling process. Results showed that higher
mass flows allow the exchange of higher power. For this reason, keeping the primary mass
flow constant, feedwater mass flow is regulated by a control system in order to achieve
the required outlet primary side temperature. A higher feedwater mass flow leads to a
higher power exchange, resulting in a decrease in the primary side outlet temperature.
On the other hand, the higher the feedwater mass flow rate, the lower the outlet steam
temperature, affecting negatively the efficiency of the thermodynamic cycle. As reported
in Table 1, the code results show good agreement with the reference data reported in [14],
demonstrating that the model is suitable to support the design of this SG type and to
investigate its TH performances.

Table 1. TMI steady state qualification.

Parameter Unit Ref [15] R5 Error

Power MW 1386 1335.27 3%
Tinlet,PS (BC) ◦C 318 318.00 0 ◦C

Toutlet,PS
◦C 291 291.04 0.04 ◦C

Tinlet,SS (BC) ◦C 238 238 0 ◦C
Toutlet,SS

◦C 299 305.11 6.11 ◦C
pinlet,PS MPa 15.17 [15] 15.02 −1%
poutlet,PS MPa 14.96 14.89 −0.5%

priser bottom,SS MPa N/A 6.52 -
poutlet,SS MPa 6.41 6.41 0%

mfrPS (BC) kg/s 8801.1 8801.1 0%
mfrSS * kg/s 761.59 717.80 −5.7%
mfrrec kg/s N/A 111.1 -

* Feedwater mass flow is regulated in order to exchange the amount of power that guarantees the correct primary
side outlet temperature, which is considered to be fixed.

3. STEAM OTSG Mock-Up

The STEAM facility’s [8] main purpose is to demonstrate the DEMO OTSG [16]
feasibility and its capability to exchange the produced power in all phases foreseen during
DEMO normal operations (i.e., pulse, dwell and related transitions). For this reason, once
the RELAP5 model has been qualified, an analytical methodology is developed to perform
a preliminary evaluation and sizing of the DEMO WCLL BB PHTS OTSGs, leading to the
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thermal length reduction from 17 to 13 m. In doing so, the TSPs number has been reduced
to 13, keeping the mutual distance of 1 m.

A scaling procedure has been then followed by applying the “power to volume” ap-
proach and keeping the full-length scale of the BZ OTSG. Assuming that the “power/tube”
ratio is unchanged, and knowing the thermal loads, a mock-up (scaled 1:1 in length) has
been conceived for the STEAM facility (3 MW).

Results of the scaling process show no major TH distortion nor instabilities but,
keeping the same layout of the reference case, the obtained configuration has a DC annular
gap 2 cm thick, which cannot be easily realized because of manufacturing tolerances of
the coaxial pipes. Moreover, such a configuration would imply unavoidable distortions in
preserving the pressure drop chain of the component, as well as issues with the installation
of the instrumentation in the riser. For this reason, two different constructive solutions
have been investigated, with one or two external DC tubes, respectively (Figure 3). This
variation is pursued by adopting the DC scaled area for the case with one external pipe,
and its half value for both the DCs in the case with two external pipes.
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Figure 3. Analyzed configuration for the STEAM OTSG secondary side: annular coaxial DC (a), one
external DC pipe (b), two external DC pipes (c).

The adoption of one (or two) DC pipe(s) leads to the following distortions, which refer
to Figure 3:

• DC hydraulic diameter variation introduces distortions in the pressure drops;
• the steam DC dead zone (below pipes 213 and 235) is neglected, without determining

any influence on the results;
• the dimensions of the inlet and outlet nozzles have not been scaled from TMI, but they

have been assumed as the ones corresponding to the STEAM pipelines, introducing
distortions of the correspondent pressure drops;

• the Aspirator Port (AP), is simulated by the Single Junction (SJ) 223 both in the
integrated DC and one external pipe DC configurations, while in the two external
DCs case, the total recirculation area is split in half with SJ 223 and SJ 238. This causes
differences in the pressure loss coefficients calculated across the riser-AP and AP-DC;

• the multiple junction 220 used in the reference model of Figure 3a, simulating the
eight Water Ports (WPs) that allow the feedwater to enter the tube bundle has been
substituted with one (or two) SJ(s), for the case with one (or two) external DC(s).
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Such differences cause distortions of the singular pressure drops among the three
configurations;

• the shroud thickness has been changed accordingly to the different pressure it has to
withstand in the case of integrated DC and one (or two) external DCs.

Table 2 summarizes the results of the simulations performed. As the main outcome,
it is possible to conclude that, from a thermal-hydraulic point of view, the three OTSG
configurations have almost the same performances as the BZ reference case, meaning that
the scaling procedure has preserved the main features of the component.

Table 2. Comparison of the T/H results of the different configurations simulated.

Parameter BZ
STEAM

Annular DC One DC Two DCs

Power [MW] 581.5 3.01 3.02 3.01
Riser Level [m] 1.8 1.75 1.86 1.86
DC Level [m] 4.0 3.94 3.50 3.49
Tout,PHTS [◦C] 295.0 294.87 294.78 294.75
ΓPHTS [kg/s] 3010.6 15.552 15.552 15.552
ΓFW [kg/s] 316.2 1.567 1.567 1.567
Γrec [kg/s] 42.0 0.24 0.22 0.22
Γrec/ΓFW 14 15 14 14

Heat losses 14.0 0.23 2.17 2.96
Ploss/P 0.02% 0.08% 0.72% 0.98%

Void F. (DC last volume) 0.34 0.02728 4.0 × 10−6 1.0 × 10−5

The thermal decoupling of the riser and downcomer affects the heat losses toward the
environment. In particular, Table 2 shows that the percentage of the heat losses increases
with decreasing the power (i.e., the vessel O.D.) and with realizing external DC(s), since the
ratio surface/volume of the component increases. The higher value of heat losses (0.98%) is
achieved in the case of two external DCs. Heat losses also affect the values of void fraction
achieved at the bottom of the DC, obtained by injecting a recirculation flow through the AP
for the pre-heating along the DC. Since the heat losses along the DC increase, the final value
of the void fraction at the DC bottom decreases, passing from the integrated DC solution to
cases with external DC(s). However, the results show that the recirculation flow rate is still
sufficient for bringing the fluid to saturation before entering the tube bundle.

Pressure drop is the parameter that is mostly affected by the DC configuration varia-
tions. The superficial roughness adopted for the distributed pressure drop is 4 × 10−5 m.
The adoption of one (or two) DC(s) led to the necessity of collapsing the annular DC and its
related junction areas into one (or two). As a result, pressure loss coefficients and hydraulic
diameters have been modified (see Table 3 and Figure 4).

Table 3. Comparison between pressure drops of the analyzed configurations.

Pressure Drops [kPa] BZ
STEAM

Annular DC One DC Two DCs

PHTS * (from A to B) 81.94 118.26 118.21 118.23
DC (from 1 to 2) −31.85 −31.69 −30.97 −30.17

Orifice plate (from 2 to 3) 2.26 2.62 2.15 2.16
WPs and low riser (from 3 to 4) 28.09 28.45 28.32 27.69

High riser (from 4 to 5) 4.04 16.74 16.66 17.18
Steam ports (from 5 to 6) 16.19 1.01 3.32 3.36
Steam DC (from 6 to 7) 0.61 9.77 0.62 1.62

Steam nozzle (from 7 to 8) 23.89 1.79 1.68 1.83
Total SS (from 1 to 8) 43.22 28.69 21.78 23.67

Aspirator port (from 4 to 9) 1.40 0.62 0.51 0.31
* Primary side total pressure drops are calculated by subtracting the static contribution to the total pressure drop.
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Stating that it is possible to conclude that the configuration with one external DCs
(Figure 5) is a suitable choice for the OTSG mock-up foreseen for STEAM. In fact, as-
suring the removal of the required power, with respect to the full-size reference OTSG
configuration, it:

• introduces low-pressure drop distortions;
• avoids parallel channels instability (which can occur in the two external-downcomer

configurations);
• eliminates the problem related to the manufacturing of an integrated annular DC.

Table 4 summarizes the OTSG geometrical data of TMI, BZ, scaled and optimized
STEAM. After the selection of the reference DC configuration, further optimizations have
been implemented without introducing modifications to the primary side tube geometry
(i.e., tube thickness, diameter, arrangement and pitch). In particular:

• according to the scaling procedure, the primary side tubes should be 35. Since the
corresponding bundle configuration would be made up of uncompleted ranks, 37 tubes
have been adopted in order to reduce the side effect: primary side flow area is increased
and the fluid velocity is consequently decreased, affecting the heat transfer coefficient.
However, the negative effect of the flow area increment is negligible with respect to
the positive effect linked to the heat exchange area increment;

• in order to reduce the by-pass and to uniform the temperature of the fluid exiting from
different sub-channels, the shell has been hexagonally shaped, preserving the scaled
riser free flow area, as shown in Figure 6.



Energies 2023, 16, 3729 8 of 19

Energies 2023, 16, 3729 8 of 20 
 

 

the removal of the required power, with respect to the full-size reference OTSG 
configuration, it: 
• introduces low-pressure drop distortions; 
• avoids parallel channels instability (which can occur in the two external-downcomer 

configurations); 
• eliminates the problem related to the manufacturing of an integrated annular DC. 

 
Figure 5. STEAM OTSG 3D CAD. 

Table 4 summarizes the OTSG geometrical data of TMI, BZ, scaled and optimized 
STEAM. After the selection of the reference DC configuration, further optimizations have 
been implemented without introducing modifications to the primary side tube geometry 
(i.e., tube thickness, diameter, arrangement and pitch). In particular: 
• according to the scaling procedure, the primary side tubes should be 35. Since the 

corresponding bundle configuration would be made up of uncompleted ranks, 37 
tubes have been adopted in order to reduce the side effect: primary side flow area is 
increased and the fluid velocity is consequently decreased, affecting the heat transfer 
coefficient. However, the negative effect of the flow area increment is negligible with 
respect to the positive effect linked to the heat exchange area increment; 

• in order to reduce the by-pass and to uniform the temperature of the fluid exiting 
from different sub-channels, the shell has been hexagonally shaped, preserving the 
scaled riser free flow area, as shown in Figure 6. 

Figure 5. STEAM OTSG 3D CAD.

Table 4. TMI, BZ, STEAM scaled and optimized configuration geometrical data.

Parameter TMI BZ STEAM
(Scaled) STEAM (Optim.)

Tubes number [-] 15,500 6943 35 37
Active Length [m] 16.269 12.98 12.98 12.98
Tubes O.D. [mm] 15.875 15.875 15.875 15.875

Total PHTS Area [m2] 2.4367 1.09 0.0055 0.0058
Riser flow Area [m2] 4.016 1.79 0.009 0.009
DC flow Area [m2] 2.167 0.97 0.0049 0.0049

Rec. Area [m2] 0.96 0.51 0.0026 0.0026
(p/D) 1.4 1.4 1.4 1.4
Lattice Triangular Triangular Triangular Triangular

Shell I.D. [m] 3.5 2.364 0.17 0.1554
(hexagon diameter)

In Figure 7 the temperature axial profile of BZ [10] and STEAM OTSG are shown:
the feedwater temperature inside the downcomer steeply rises thanks to the recirculation
pre-heating, reaching saturation conditions. Saturated boiling starts in the fluid flowing
upwards in the riser until a single phase (superheating zone) is reached: the fluid tem-
perature starts to increase, remaining constant inside the steam downcomer, where the
heat transfer coefficient is almost negligible. The primary side temperature profile is flatter
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in the upper part of the OTSG because of the small heat transfer coefficient of the steam
secondary side, while the lower part of the profile is steeper due to the high saturated
boiling heat transfer coefficient.
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The secondary side heat transfer coefficient in the riser is shown in Figure 8. Starting
from the riser inlet, the nucleated boiling region is characterized by turbulences resulting
from the bubble formation that enhances the heat transfer coefficient, until dry-out occurs
when a blanket of saturated steam forms on the tube’s internal surface. Film boiling,
characterized by a low heat transfer coefficient, starts and lasts until 100% steam quality is
reached. After the end of the two-phase region, the superheating region starts, where the
heat transfer coefficient is lower due to the low vapor density.
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In Figures 7 and 8, the main effect of the optimization process can be detected: as a
result of the primary side tube number increase, dry-out occurs at a lower height in STEAM
with respect to BZ OTSG, and therefore, also the vapor temperature starts to increase at a
lower height.

4. CFD Analyses on the OTSG Tube Support Plate

System thermal hydraulic codes such as RELAP code are not reliable in the prediction
of local pressure losses such as flow distribution in manifolds or sudden flow area changes.
To overcome this issue a CFD analysis with Ansys CFX 2022 [17] code has been performed
in order to hydraulically characterize the Tube Supporting Plate (TSP), reported in Figure 9,
to assess the concentrated pressure drops at different mass flow rates (Re number). The
ratio between TSP broached area and the riser free flow area is 0.01.
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The developed CFD model includes only the fluid part and it is based on the same
geometrical dimensions of the RELAP5 input, preserving the hexagon dimension, the grid
measures, the PS tube diameter and the pitch. The 3D geometry, reported in Figure 10,
consists of:

• an upstream zone: a tube bundle region whose length is equal to 57 hydraulic diame-
ters in order to have fully developed flow conditions at the grid;

• the tube support plate;
• a downstream zone: a tube bundle region whose length is equal to 25 hydraulic

diameters in order to take into account the flow recirculation downstream the grid in
the simulations.
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Thanks to the symmetry of the pipe triangular lattice, only 1/6 of the geometry
has been modeled, this solution grants a reduction of the computational resources for
the simulations.

The input mesh (Figure 11) is fully structured both in the upstream/downstream
regions and in the TSP grid (Figure 6). The average mesh size is 0.3 mm in the up-
stream/downstream regions and 0.2 mm inside the TSP holes. No node inflation was set
on the walls, the water viscous sublayer is resolved with wall functions. The total number
of elements is 9.97 million while the total number of nodes is 10.32 million.
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Several calculations have been performed in order to characterize the grid pressure
drops and the relative loss coefficient at different flow conditions. Isothermal simulations
with single-phase fluid in saturation conditions (liquid or vapor) have been set adopting
variable mass flow (from 1% to 100% of the nominal value) corresponding to a Reynolds
number ranging from 300 to 1.5 × 105. Single-phase fluid simulations were performed
instead of the two-phase ones, due to the well-known limitation of the current CFD codes
in the reliable (validated) prediction of two-phase flow regimes. To overcome this issue,
the Re range of the CFD simulation was widely expanded if compared to the nominal
operating conditions in order to support the RELAP5 code, bordering all the possible Re
flow regimes of the liquid and vapor phases in the OTSG. A detailed overview of the test
conditions is reported in Table 5.

Table 5. CFD numerical test matrix.

Phase
.

m Re Regime mfrCFD v

[-] [%] [-] [-] [kg/s] [m/s]

liq 100 3.0 × 104 Turb 0.272 0.24
liq 50 1.5 × 104 Tran 0.136 0.119
liq 25 7.5 × 103 Tran 0.068 0.059
liq 10 3.0 × 103 Tran 0.027 0.023
liq 6 1.8 × 103 Tran 0.016 0.014
liq 4 1.2 × 103 Lam 0.011 0.009
liq 3 9.0 × 102 Lam 0.008 0.007
liq 1 3.0 × 102 Lam 0.003 0.002

vap 100 1.5 × 105 Turb 0.272 5.41
vap 50 7.5 × 104 Turb 0.136 2.704
vap 25 3.7 × 104 Turb 0.068 1.352
vap 17 2.5 × 104 Turb 0.045 0.9
vap 1 1.5 × 103 Lam 0.003 0.054

The boundary conditions set in the input model are:
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• a mass flow rate at the inlet surface (1/6 of the nominal value), see mfrCFD in Table 5;
• an average relative pressure of 0 Pa at the outlet surface;
• a free slip boundary condition (zero friction) on the side walls due to the symmetry

constraint of the model.

Water and steam properties at saturated conditions (6.41 MPa, 279.93 ◦C) were calcu-
lated from [18] and implemented in the CFX code.

The turbulence model set in the simulations is the SST k-ω developed by Menter [19]
for the turbulent and transition flow regime while a laminar flow model is set for the
laminar regime. The simulations performed are steady-state RANS followed by a small
transient run (CFL ≈ 1) of 3 s total time to reduce and stabilize all the RMS residuals to
a value of 10 × 10−5. Total pressure drops across the model and velocity components on
two monitor points upstream and downstream of the TSP were also monitored during
the simulations.

Thanks to the Upgraded Cheng and Todreas (UCT) pressure drop correlation [20]
for bare rod bundles, laminar and turbulent Re number limits were calculated. The maxi-
mum Re number for the laminar region is 1532 while the minimum Re for the turbulent
regime is 19,055. It must be highlighted that the transition flow range predicted by the
correlation is wider than the one implemented in RELAP5/Mod3.3 [9]. Four cases are in
the laminar flow regime, four cases are in the transition regime and five cases are in the
fully turbulent regime.

The axial pressure profile of a general test case (Figure 12) shows: a linear gradient
from the inlet to the TSP due to the distributed pressure drop in the tube bundle, a step
pressure drop and downstream pressure recovery due to the localized pressure drop of the
TSP followed by the liner pressure trend of the downstream tube bundle.
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To assess the reliability of the model and mesh developed, the pressure gradients in the
tube bundle were compared with the analytical correlation [20] for all the cases simulated.
The accuracy of the Upgraded Cheng and Todreas (UCT) pressure drop correlation for
bare rod bundles is about ±10% for all the flow regimes [21], as reported in Table 6 the
discrepancy of the CFD results is always lower than 7% for all the cases confirming the
reliability of the CFD results.
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Table 6. Relative error of the bundle pressure gradient predicted by the CFD simulations against the
analytical UCT correlation.

Re Regime ( dp
dl )UCT ( dp

dl )CFD Err= |UCT−CFD|
UCT

[-] [-] [Pa/m] [Pa/m] [-]

3.0 × 104 Laminar 30.56 31.88 0.04
1.5 × 104 Laminar 8.83 9.52 0.07
7.5 × 103 Laminar 2.79 2.93 0.05
3.0 × 103 Laminar 0.66 0.67 0.01

1.8 × 103 Transition 0.31 0.30 0.02
1.2 × 103 Transition 0.16 0.17 0.05
9.0 × 102 Transition 0.12 0.12 0.02
3.0 × 102 Transition 0.04 0.04 0.05

1.5 × 105 Turbulent 518.05 499.82 0.04
7.5 × 104 Turbulent 146.72 144.93 0.01
3.7 × 104 Turbulent 41.56 42.65 0.03
2.5 × 104 Turbulent 19.83 20.97 0.05
1.5 × 103 Turbulent 0.18 0.19 0.07

Figure 13 shows in semi-logarithmic scale the TSP local pressure loss coefficient (Kgrid)
against the Re number. The parameter Kgrid is defined as:

Kgrid =
∆pgrid

1
2 ρv2

, (1)

where ∆pgrid is the concentrated pressure loss due to the TSP grid and highlighted in
Figure 12, ρ is the fluid density while v is the average mainstream velocity of the fluid in
the tube bundle upstream of the TSP.
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5. Thermo-Mechanical Design of the STEAM OTSG Tubesheet

The STEAM OTSG is a non-nuclear equipment and falls into the PED hazard Category
IV. The PED does not prescribe a specific standard for design; therefore, the analyses
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have been performed referring to the well-known ASME Boiler and Pressure Vessel Code
(B&PVC). The pressure vessel (i.e., the shell) is assumed to be constructed from an 8-inch
Schedule 160 carbon steel pipe and the tubesheet is considered to be integrated with the
shell and channels (Figure 14). Future design activities will explore a more convenient
flanged design. Concerning the internals of the STEAM OTSG mock-up, the TSPs are 1 1

2
inches in thickness, as in TMI OTSG. A 1/8-inch-thick hexagonal shroud is placed around
the tube bundle, forming the secondary-side flow channel.
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ASME SA106 grade B carbon steel is commonly used in the construction of high-
temperature oil and gas equipment, boilers, etc., and thus was assumed as the main
structural material, due to its good resistance to high temperatures, low price, and good
weldability. The thickness selected in any case far exceeds what would be required to
withstand pressure load, but it was increased to consider possible unreinforced penetrations
for measurement equipment, ports, centering pins, etc. The tube material is Inconel® Alloy
690 (UNS N06690). The allowable stress calculation procedure provided by the PED may
lead to limits different from those taken from ASME B&PVC Section II-D. However, possible
changes in material choice will be addressed in more detailed stages of the design. The
tubesheet was preliminarily dimensioned according to the iterative methodology suggested
by ASME BPVC.VIII.1 Part. UHX-13. Therefore, seven loading cases were considered: three
design conditions that do not include thermal stresses and four operating conditions that
do also include the thermal stresses. The load cases are summarized in Table 7.

Table 7. Loading cases for tubesheet preliminary sizing.

Case PS Pt Ts Tt

MPa MPa ◦C ◦C

1 0 17.8 N.C. N.C.
2 7.4 0 N.C. N.C.
3 7.4 17.8 N.C. N.C.
4 0 15.5 287 311
5 6.4 0 287 311
6 6.4 15.5 287 311
7 0 0 287 311

The tubes were assumed to be fully hydraulically expanded into the tubesheet holes
and then welded primary side. Corroded conditions were not considered.

Eventually, the thickness of the tubesheet was set to 4. The results are shown in
Tables 8 and 9.
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Table 8. Results for design loading cases.

Limit Unit Case 1 Case 2 Case 3

Tubesheet Bending stress 141.8 MPa 12.3 9.1 12.0
Tube compressive load 63.5 MPa 35.8 14.6 21.2
Shell membrane stress 94.5 MPa 2.8 10.1 12.7
Total shell axial stress 141.8 MPa 5.4 41.0 40.6

Total channel axial stress 141.8 MPa 70.2 6.6 76.3

Table 9. Results for operating loading cases.

Limit Unit Case 4 Case 5 Case 6 Case 7

Tubesheet Bending stress 283.5 MPa 6.5 13.1 3.2 13.7
Tube compressive load 63.4 MPa 87.3 131.3 100.1 118.4
Shell membrane stress 283.5 MPa 16.9 23.4 25.7 14.5
Total shell axial stress 283.5 MPa 24.9 60.9 60.6 24.7

Total channel axial stress 283.5 MPa 50.9 4.7 56.3 10.2

As one can see, the stresses are everywhere far lower than the allowable limits, except
in operating conditions when the compression stress in the tubes due to the thermal
gradient would be more than allowed. This is a well-known issue that affects this kind of
steam generator; therefore, to withstand the thermal loads, the tubes shall be pretensioned
before mounting (e.g., once welded to the one tubesheet, they may be heated up and then
welded to the other tubesheet). A preliminary Finite Element Method (FEM) steady-state
thermo-mechanical analysis was conducted with ANSYS® Mechanical 2021 R2 to validate
ASME design-by-formulae results. A 90◦ sector of the upper head was modeled (Figure 15).
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Table 10. FEA results for normal operation loading cases.

LIMIT Unit ASME FEA

Max Tubesheet Bending stress 283.5 MPa 3.2 6.01
Tube compressive load 63.4 MPa 100.1 95.8
Shell membrane stress 283.5 MPa 25.7 29.4
Total shell axial stress 283.5 MPa 60.6 47.6

Total channel axial stress 283.5 MPa 56.3 63.0

The results obtained from FEA are close to ASME previsions, although, as mentioned,
the design of the OTSG shall be optimized in more detailed phases of the design.



Energies 2023, 16, 3729 17 of 19

6. Conclusions

The present paper describes the outcomes of the preliminary design phase of the
DEMO OTSG mock-up to be installed in the STEAM facility, which will be built at the
ENEA Brasimone Research Centre. The infrastructure is conceived to validate the WCLL
DEMO BoP water coolant systems through a series of steady-state and transient experi-
ments, aiming at demonstrating the capability of the OTSG to follow the plasma-induced
load variations.

The first part of the activity focused on the realization of a RELAP5/Mod3.3 model
to be used for code validation through the reproduction of the TMI OTSG. An analytical
methodology has been set up in order to perform the BZ OTSG sizing, defining the active
length on the basis of the power requirement. The procedure leads to a reduction in the
tube length from 17 m of the TMI OTSG to 13 m. The obtained geometry can be considered
the reference configuration to which apply a 1:1 in length scaling procedure for the STEAM
OTSG through the adoption of a scaling factor calculated as powers ratio.

The constant “power to volume” scaling to switch from BZ OTSG to STEAM OTSG
does not affect the parameter stability nor introduce major TH distortions. However,
keeping the same layout of the BZ OTSG, the obtained configuration is characterized by a
downcomer gap thickness of 2 cm, which is unfeasible because of manufacturing tolerances
of coaxial pipes and determines remarkable difficulties in the instrumentation installation in
the annular region. Two different solutions have been investigated with one or two external
downcomers without modifying the component total flow area but removing the thermal
coupling between ascendant and descendant regions. RELAP5/Mod3.3 comparison of
the different constructive options shows that heat losses to the environment in percentage
increases in decreasing power and in realizing external DC(s). Pressure losses are also
influenced by the configuration variation since the necessity of collapsing the annular
DC area and its related junctions into one (or two) modifies the correspondent pressure
loss coefficients and hydraulic diameter. The solution with one external downcomer has
been selected as a reference layout for the OTSG mock-up to be tested in the dedicated
facility STEAM since it is easier to realize and does not introduce relevant distortions nor
determine flow instabilities.

Further improvements have been adopted for optimizing the obtained configuration,
such as increasing the scaled number of PS tubes in order to complete the ranks and
adopting a hexagonally shaped riser in order to reduce the side effect. As a result, the
final mock-up is characterized by a higher exchange area with respect to the required one
determining anticipation of the dry-out condition.

CFD analyses have been performed in order to hydraulically characterize the TSP
in order to find a Reynolds-dependent curve of the correspondent loss coefficient, to be
implemented in RELAP5 code. Finally, FEM analyses have been carried out in order to size
the tubesheets of the mock-up.
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Nomenclature

AP Aspirator Port
BB Breeding Blanket
BoP Balance of Plant
BZ Breeding Zone
B&W Babcock & Wilcox
CFD Computational Fluid Dynamics
DC DownComer
DEMO DEMOnstration Power Plant
ENEA Italian National Agency for New Technologies, Energy and Sustainable Economic Development
FEM Finite Element Method
HS Heat Structure
HYDRA HYDRAulic
ITER International Thermonuclear Experimental Reactor
MFR Mass Flow Rate
N.C. Not Considered
O.D. Outer Diameter
OTSG Once Trough Steam Generator
PCS Power Conversion System
PHTS Primary Heat Transfer System
PS Primary Side
PWR Pressurized Water Reactor
R&D Research & Development
SG Steam Generator
SJ Single Junction
SS Secondary Side
T-H Thermal-Hydraulic
T-M Thermo-Mechanical
TMI Three Miles Island
TSP Tuve Support Plate
UCT Upgraded Cheng and Todreas
WCLL Water Cooled Lithium Lead
WP Water Port
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