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A B S T R A C T

The Primary Heat Transfer System (PHTS) of the EU DEMO Water-Cooled Lithium-Lead (WCLL) Breeding
Blanket might rely on Once-Through Steam Generators (OTSGs) technology, widely used in fission industry.

ENEA is currently developing the STEAM facility, in order to characterize the behaviour of the EU DEMO
OTSG. To this aim, a dedicated OTSG mock-up is being designed.

The present work describes the Computational Fluid Dynamics (CFD) approach used to investigate the flow
field within the inlet and outlet regions of the OTSG mock-up in steady-state conditions.

One of the key objectives of the analysis is to assess the mass flow distribution within the OTSG primary
bundle, as uniform distribution is crucial for achieving the desired performance.

To this aim, the computational approach employs reliable models such as RANS 𝑘−𝜖 as well as a fluid–fluid
co-simulation routine. The aim is to reach a satisfactory self-consistency of the flow distribution within the
OTSG primary bundle without the discretization of the full geometry.

The CFD analysis predicts a maximum absolute deviation from the average mass flow rate value lower than
2%. This predicted behaviour is compared against a benchmark simulation that discretizes the whole primary
bundle. The comparison displays an acceptable compatibility and a significant reduction in the required
computational resources thanks to the implementation of a co-simulation routine.
1. Introduction

The EU DEMO is planned to be a tokamak fusion reactor to deliver
electricity in the EU [1]. It will feature a balance-of-plant (BoP) [2]
to convert the power generated by the fusion reactions into electric-
ity. The design of the Primary Heat Transfer System (PHTS) for the
EU DEMO Water-Cooled Lithium-Lead (WCLL) Breeding Blanket [3]
can take advantage of the large experience from light water fission
reactors, but new challenges arise due to the intermittent operation
(pulse-dwell-pulse regime) of the EU DEMO.

STEAM will be a novel experimental infrastructure operated by
ENEA in order to validate the design of the BoP of the WCLL Breeding
Blanket of the EU DEMO. As a part of the STEAM infrastructure tests,
a Once-Through Steam Generator (OTSG) mock-up is currently being
designed [4].

The purpose of the present work is to analyse the flow distribution
within the OTSG mock-up to support its design process using state-of-
the art computational models. The next section briefly describes the
most significant design features in order to understand the computa-
tional approach and the co-simulation routine at the core of the study.

∗ Corresponding author.
E-mail addresses: danilo.caterino@polito.it (D. Caterino), antonio.froio@polito.it (A. Froio).

Finally, the main results are discussed and then compared against a
benchmark simulation. Additionally, the computational performances
are evaluated in order to highlight the benefits of the implementation
of the co-simulation routine.

2. OTSG mock-up design features

This section summarizes the most significant design characteristics
of the OTSG. All mentioned values (e.g. mass flow rates, pressures
and temperatures) are taken from the RELAP5/Mod3.3 OTSG model
described in detail in [5,6].

The OTSG mock-up, presented in Fig. 1, consists of a 13.50 m long
tube with a maximum outer diameter of 219 mm.

A magnetic drive centrifugal pump generates a maximum mass flow
rate of 20 kg/s while an electrical heater heats the primary fluid up
to 328 °C; a pressurizer sets the pressure of the circuit to 15.50 MPa.
As a result, pressurized water flows downward entering from the inlet
nozzle at a temperature of 328 °C. The primary bundle consists of 37
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920-3796/© 2024 Published by Elsevier B.V.
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Fig. 1. OTSG conceptual scheme (Fig. 1(a)) and the OTSG mock-up layout (Fig. 1(b)).
Table 1
Operating conditions for each OTSG region.

Region Fluid P [MPa] T [°C] 𝑚̇ [kg/s]

OTSG TOP Primary Liquid water 15.50 328 15.0
OTSG BOTTOM Primary Liquid water 15.42a 295 15.0
OTSG TOP Secondary Superheated steam 6.36b 300 1.64
OTSG BOTTOM Secondary Liquid water 6.40 238 1.86

a Value calculated from CFD model.
b Value calculated from RELAP5/Mod3.3 model.

Table 2
Prism layer mesher settings.

Number of
layers

Near wall layer
thickness [mm]

Total thickness
[mm]

Primary pipes - inner 10 0.075 3.0
Primary pipes - outer 8 0.12 1.5
Riser 8 0.12 1.5
Everywhere else 10 0.075 3.0

smaller pipes to maximize the efficiency of the heat exchange with the
secondary fluid. Each primary pipe has an outer diameter of 15.88 mm.
The design temperature at the primary outlet is 295 °C.

Four magnetic drive centrifugal pumps create a mass flow rate of
approximately 1.64 kg/s within the secondary side. As a result, sub-
cooled water enters the feedwater downcomer at a temperature of
238 °C and a pressure of 6.40 MPa and flows downwards. After reaching
the riser, the secondary fluid starts to flow upwards while approaching
saturated conditions. Phase change from liquid to vapour occurs along
the riser and, as a result, superheated steam exits through the secondary
outlet at an estimated temperature of 300 °C.

3. Model

The goal of the CFD analysis is to assess the flow behaviour near the
primary and secondary inlets and outlets under steady-state conditions,
while saving as much computational resources as possible. Therefore,
the implemented simulation strategy aims at simplifying the geometry
2

whilst capturing the most relevant physical phenomena with acceptable
reliability.

The model was developed with the Simcenter STAR-CCM+
v2021.2.1-R8 commercial CFD software [7].

3.1. Geometry

The simulated OTSG mock-up geometry incorporates those areas of
the secondary riser in which only one phase is present (e.g. superheated
steam, and liquid water). Namely, the two areas of the secondary side
are: the OTSG TOP secondary in which 100% superheated steam flows
(red box in Fig. 1(a)), and the OTSG BOTTOM secondary in which 100%
sub-cooled liquid water flows (blue box in Fig. 1(a)).

Consequently, the primary bundle was also split into two parts
adjacent to the respective secondary parts: the OTSG TOP primary and
the OTSG BOTTOM primary. In this way, the two OTSG secondary parts
can be solved without the implementation of a phase-change model.

Table 1 summarizes the operating conditions within all the resulting
four regions of the OTSG mock-up.

3.2. Meshing approach

The computational model takes advantage of the symmetric flow
distribution at the primary and secondary inlets and of the whole
secondary riser geometry. Therefore, a symmetric condition along the
𝑥 = 0 plane (with reference to the coordinate system displayed in
Fig. 2(a)) was deemed feasible, according to the expected results,
and enforced within the physical domain to guarantee a significant
reduction in the overall cell count. As a result, only half of each domain
was simulated and the correspondent total mass flow rates (in Table 1)
were halved accordingly.

The simulated OTSG geometry employs approximately 43 million
hexahedral cells, including prismatic cells used to resolve the boundary
layer. The main settings used for the prism layer mesher are listed
in Table 2. Mesh quality was evaluated taking into account the face
validity, the volume change and the skewness angle. The methodology
and the following threshold values were chosen according to the STAR-
CCM+ User Guide [7]. The evaluation reports that: 99.99% of the
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Fig. 2. OTSG geometry (Fig. 2(a)) and co-simulation routine diagram (Fig. 2(b)).
generated cells have a face validity equal to 1.0, 100% a volume change
higher than 0.01, and 99.91% a skewness angle lower than 85°.

Fig. 2(a) shows the discretized regions and highlights the inlets and
outlets of each computational domain.

3.3. Co-simulation routine

Early analyses demonstrated that different pressure is exerted at
the outlet boundary of each top primary pipe. Moreover, non-uniform
velocity distribution at the OTSG TOP primary inlet induces different
mass flow rates within each pipe. Hence, pressure drop along each pipe
is different and it affects flow distribution within the OTSG BOTTOM
primary. Therefore, it was necessary to employ a co-simulation routine
able to reach a satisfactory phenomenon representation by coupling
each primary top pipe with its bottom counterpart. This would also
avoid meshing and computing the solution in the entire length of
straight pipes of the primary. The overall length of the simulated
domain is, in fact, around 1.29 m, less than one tenth of the whole
mock-up extension (see Section 2).

The chosen co-simulation routine, sketched in Fig. 2(b), consists
of two parallel subroutines: an outer routine (red loop) and an inner
routine (blue loop).

3.3.1. Outer routine
The outer routine exchanges velocity field information from top to

bottom and pressure field information from bottom to top in order to
achieve a satisfactory consistency of the flow distribution within the
primary.

This routine exploits the mass flow rate within each top primary
pipe to derive a fully developed velocity field at the working conditions
of the OTSG bottom primary.

The resulting velocity field is assigned to the inlet boundary of the
correspondent bottom primary pipe.

Pressure exerted at the inlet boundary of each bottom primary pipe
𝑝𝑏𝑜𝑡𝑖𝑛𝑖

is added to the pressure drop contribution 𝛥𝑝𝐷𝑊𝑖
estimated by the

inner routine.
The resulting pressure 𝑝𝑡𝑜𝑝𝑜𝑢𝑡𝑖

is assigned to the outlet boundary of the
correspondent top primary pipe following Eq. (1):

𝑝𝑡𝑜𝑝 = 𝑝𝑏𝑜𝑡 + 𝛥𝑝 , (1)
3

𝑜𝑢𝑡𝑖 𝑖𝑛𝑖 𝐷𝑊𝑖
where 𝑝𝑏𝑜𝑡𝑖𝑛𝑖
is the pressure of the correspondent bottom primary pipe

and 𝛥𝑝𝐷𝑊𝑖
is the estimated pressure drop.

Physics of all OTSG parts is then solved under these new bound-
ary conditions and, as a result, a new mass flow rate distribution is
calculated.

The outer routine is outlined in Fig. 2(b) by the blue loop and
enacted every 1200 iterations; no significant impact on convergence
was observed in the range 800–1200 iterations.

3.3.2. Inner routine
The inner routine estimates pressure drop along each pipe 𝛥𝑝𝐷𝑊𝑖

using the Darcy–Weisbach equation (2), namely:

𝛥𝑝𝐷𝑊𝑖
= 𝑓𝐷𝑖

𝜌
2

𝑣2𝑖
𝐷𝐻

. (2)

The hydraulic diameter 𝐷𝐻 is known from the OTSG mock-up geometry
features (see Section 2) and average density 𝜌 can be estimated from
conditions in Table 1. Whereas, the average velocity within each pipe
𝑣𝑖 is derived from mass flow rate distribution. The Darcy friction factor
𝑓𝐷𝑖

is estimated thanks to the implementation of the explicit Haaland
formula [8], specifically:

1
√

𝑓𝐷𝑖

= −1.8 log

[

(

𝜀∕𝐷𝐻
3.7

)1.11
+ 3.9

𝑅𝑒𝑖

]

, (3)

where 𝜀 is the pipe absolute roughness determined by the material and
cross-section shape (e.g. stainless steel, circular pipe): 𝜀 = 0.02 mm; 𝑅𝑒𝑖
is the Reynolds number calculated using the averaged fluid properties
(e.g. 𝜌, 𝜇), the hydraulic diameter 𝐷𝐻 , and the average velocity within
each pipe 𝑣𝑖 (derived from the mass flow rate within the same pipe).

The inner routine is outlined in Fig. 2(b) by the red loop and enacted
every 50 iterations, which represents the minimum threshold. Below
this limit, the simulation starts to experience numerical instability.

3.4. Boundary conditions, initial conditions and turbulence model

Fully-developed pipe flow conditions are applied to both secondary
inlets. The top primary inlet is not fully-developed (due to the upstream
presence of a u-bent pipe which is not included in the current OTSG
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Fig. 3. Main field distributions, namely velocity (Fig. 3(a)) temperature (Fig. 3(b)), represented using multiple section planes.
geometry), therefore its boundary conditions were computed with a
dedicated simulation. Bottom primary inlet conditions are managed by
the co-simulation routine since they are strongly influenced by the flow
distribution within the top primary region.

Relative pressure for both secondary outlets and for the bottom pri-
mary outlet is set to 0 Pa. Pressure distribution at the top primary outlet
is calculated by the co-simulation routine as described in Section 3.3.

Initial pressure at the top primary outlet is set to a uniform distri-
bution calculated using Eqs. (1)–(3) with 𝑝𝑏𝑜𝑡𝑖𝑛𝑖

= 0 Pa, and an initial
velocity calculated as:

𝑣𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑖 =
4𝑚̇𝑡𝑜𝑡

37𝜋𝜌𝐷2
𝐻

. (4)

Fluid properties depend on temperature through IAPWS-IF97 [9]
standard. Heat transfer is, in fact, allowed between the primary and the
secondary thanks to an interface that models the stainless steel thermal
resistance.

Reynolds-averaged Navier–Stokes equations (RANS) coupled with
𝜅 − 𝜖 [10] turbulence model and all-𝑦+ wall treatment are solved in
order to assess the mean flow field.

4. Main results

Once mass flow rate within each primary pipe had reached a
satisfactory convergence, the results regarding the distribution of the
main fields were analysed.

4.1. Velocity and temperature distribution results

Fig. 3(a) shows that high velocity gradients are located within
the OTSG top secondary, where the magnitude of the velocity of
4

the superheated steam reaches its maximum value of approximately
17.5 m/s.

Whereas, Fig. 3(b) indicates that temperature field is approximately
uniform in each OTSG region, as a result of the assumptions described
in Section 3.1.

4.2. Mass flow rate distribution results

The co-simulation predicts a slightly non-uniform mass flow dis-
tribution within the 37 primary pipes, as reported in Fig. 4(a). This
non-homogeneity was evaluated through the representation of the de-
viation percentage from the average mass flow rate 𝜖𝑖 for each pipe and
shown in Fig. 4(b). The definition of 𝜖𝑖 states as follows (Eq. (5)):

𝜖𝑖 =
𝑚̇𝑖 − 𝑚̇

𝑚̇
⋅ 100, (5)

where 𝑚̇𝑖 is the mass flow rate calculated within a single pipe and 𝑚̇ is
the average mass flow rate. Fig. 4(b) shows that:

• Pipes 5, 13, 14, 15, 16, 17 experience a mass flow rate higher
than the average value, with a deviation approximately equal to
or higher than +0.5%,

• Pipes 9, 21, 22, 23 experience a mass flow rate lower than the
average value, with a deviation approximately equal to or lower
than −0.5%,

• All the other pipes experience a mass flow rate within ±0.5% of
the average value,

• Overall, all deviation values lie between ±2%.

Mass flow rate distribution is strongly influenced by non
fully-developed conditions at the top primary inlet mentioned in Sec-

tion 3.4.
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Fig. 4. Velocity magnitude representation within each numbered pipe (Fig. 4(a)), and mass flow distribution (Fig. 4(b)).
4.3. Results and performance benchmark

The mass flow rate behaviour was compared against the results
yielded by a benchmark simulation that discretizes the whole pri-
mary bundle using the same meshing approach employed in the co-
simulation (without, however, enforcing a symmetric solution). Prism
layer mesher settings used in the benchmark simulation are the same
as the ones reported in Table 2 for the co-simulation.

As a result, the simulation of the complete primary uses approxi-
mately 130 million hexahedral cells to represent the physical domain.
Mesh quality of the benchmark simulation was evaluated employing the
same methodology mentioned in Section 3.2. The evaluation reports
that: 99.99% of the generated cells have a face validity equal to 1.0,
100% a volume change higher than 0.01, and 99.99% a skewness angle
lower than 85°. These results display a satisfactory consistency with the
mesh quality of the co-simulation (described in Section 3.2).

Table 3 shows that 78% compatibility is achieved in the comparison
of the qualitative mass flow rate behaviour. Overall, Table 3 highlights
an under-prediction of the deviation modulus calculated using the co-
simulation mass flow rate distribution. Specifically, the co-simulation
5

under-prediction involves the outermost pipes of the primary bundle
(pipe 25 and pipes from 28 to 37, see Fig. 4(a)). Finally, the complete
primary simulation yielded absolute deviation values lower than 2% for
all pipes with the exception of pipe 22, whose value is approximately
2.4%.

Performance analyses were performed using 4xIntel® Xeon® 8160
(SkyLake) at 2.10 GHz (192 cores in total) in order to assess the
computational cost for both simulations. Fig. 5(a) shows the rate of
change of the mass flow rate as a function of the number of iterations.
For the sake of clarity, the chart only shows the rate of change of
mass flow rate values whose convergence occurred last: specifically,
mass flow rate within pipe 32 (and 30 due to symmetry) for the
co-simulation, and mass flow rate within pipe 18 for the complete
primary simulation. Fig. 5(a) indicates that an acceptable rate of change
per iteration is achieved in approximately 10000 iterations. Namely,
the complete primary simulation reaches a rate of change of 2% at
approximately 5700 iterations, whereas the co-simulation reaches the
same rate at approximately 8000 iterations. Curve slope suggests, in
fact, that convergence speed of the complete primary simulation, in
terms of required number of iterations, is higher. However, Fig. 5(b)
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Fig. 5. Benchmark of the co-simulation performances.

highlights that the total elapsed time required by the co-simulation
to reach a 2% rate of change is half of the time required by the
complete primary simulation to achieve the same rate. Namely, the
complete primary simulation yielded stable results in 25 hours against
the 13 hours needed by the co-simulation. Moreover, the maximum
memory demanded during the computation for the co-simulation and
the complete primary simulation is 139 GB and 234 GB, respectively.
6

Table 3
Mass flow rate distribution benchmark.

Pipe # 𝜖𝑖 ≥ |0.5|%

Co-simulation Complete

1 x x
2 x x
3 x x
4 x x
5 ✓ ✓

6 x x
7 x x
8 x x
9 ✓ ✓

10 x x
11 x x
12 x x
13 ✓ ✓

14 ✓ ✓

15 ✓ ✓

16 ✓ ✓

17 ✓ ✓

18 x x
19 x x
20 x x
21 ✓ ✓

22 ✓ ✓

23 ✓ ✓

24 x x
25 x ✓

26 x x
27 x x
28 x ✓

29 x ✓

30 x ✓

31 x x
32 x ✓

33 x ✓

34 x ✓

35 x x
36 x x
37 x ✓

Scalability of both simulations was tested and compared using
2xIntel® Xeon® 8160 (SkyLake) at 2.10 GHz (96 cores in total) as tim-
ing reference. The results are presented in Fig. 5(c). The co-simulation
displays a parallel efficiency of around 100% against the 75% of the
complete primary simulation.

5. Conclusions and future perspective

The CFD analysis of the OTSG mock-up for the STEAM facility was
performed employing a co-simulation between the two furthermost
parts of the heat exchanger. The central part was replaced by a pressure
drop computed using well-documented formulae. The co-simulation
highlighted a slight non-uniformity in the mass flow rate distribution
within the 37 pipes of the OTSG primary side. Overall, mass flow rate
values do not exceed the range between ± 2% of the average value.

Results and performance were compared against a similar CFD
analysis which, however, discretizes the full primary bundle geometry.
The co-simulation showed an acceptable accuracy in the prediction
of the mass flow rate distribution within the 37 pipes. The main
advantage in the implementation of the co-simulation routine lies in
the significant reduction of the overall computational cost. Moreover,
a good scalability on CPU nodes is achieved by the co-simulation.

Future analyses will be focused on multiple sensitivity tests encom-
passing different physics models and meshing strategies. Furthermore,
upcoming studies will evaluate the potential impact of the predicted
non-uniformity of the mass flow distribution on the OTSG performance.
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