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Abstract

In the frame of the activities promoted and encouraged by the EUROfusion Power Plant Physics and Technology
(PPPT) department aimed at developing the EU-DEMO fusion reactor, strong emphasis has been recently addressed to
the whole Balance of Plant (BoP) which represents the set of systems devoted to convert the plasma generated thermal
power into electricity and to deliver it to the grid. Among these systems, the Divertor Primary Heat Transfer Systems
(PHTSs) are intended to feed coolant to the two main components of the Divertor assembly, namely the Plasma
Facing Components (PFCs) and the Cassette Body (CB). Since the DEMO Divertor must withstand high heat flux
loads together with a considerable neutron deposited power, very tight tolerances may be allowed to the coolant inlet
conditions. Therefore, the design of reliable PHTSs is of the utmost importance towards the development of an EU-
DEMO fusion reactor. Within this framework, a study has been jointly carried out by University of Palermo, Ansaldo
Nucleare and CREATE to design the Ex-Vessel PHTSs of both the PFCs and the CB for a DEMO reactor equipped
with a Helium Cooled Pebble Bed Breeding Blanket. The paper describes criteria and rationale followed with the aim
to achieve simple PHTS designs based on the adoption of easy-to-manufacture main components avoiding too much
extrapolation from the state-of-art technology. Results of preliminary thermal-hydraulic calculations carried out to
size heat exchangers, pressurizers, piping and pumps are presented and critically discussed, with particular attention
to those integration, safety and feasibility constraints that may deeply affect the design of such components. Finally,
the evaluation of PHTS key parameters as total pumping power and coolant inventory is reported.
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1. Introduction

The European Research Roadmap to the Relisation
of Fusion Energy has foreseen the production of electric
power from nuclear fusion by the middle of this century
[1]. In this framework, the EUROfusion consortium is
developing the project of a DEMOnstration Fusion Re-
actor (DEMO) [2]. DEMO is going to be the first fusion
device that will produce electricity and, hence, it should
be Balance of Plant (BoP) "oriented” [3]. Furthermore,
the DEMO BoP must meet many of those design criteria
and safety requirements characterising the most com-
mon nuclear power stations [4].
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In DEMO, BoP means the complex “chain” of sys-
tems devoted to the extraction of the pulsed ther-
mal power generated by the plasma and its conver-
sion into electric power to be delivered to the exter-
nal grid, thus including both Ex-Vessel Primary Heat
Transfer Systems (PHTSs) and Power Conversion Sys-
tem (PCS). Nevertheless, contrary to common Nuclear
Power Plants (NPPs), DEMO is supposed to undergo a
pulsed duty cycle during normal operating conditions.
Consequently, it will be subjected to oscillating loads
that might challenge the qualified lifetime of the main
BoP equipment due to thermal and mechanical cycling.
Although it is rather impossible to prevent the occur-
rence of such cycling in PHTS components, several
strategies are being considered to mitigate the potential
negative effects of the pulsed operations on PCS main

November 24, 2020



components [3], such as turbine and steam generators.

In this direction, the leading approach followed for
the BoP of a DEMO reactor equipped with a Helium
Cooled Pebble Bed Breeding Blanket (HCPB BB) [6]] is
similar to that used in the solar energy industry. In or-
der to thermally decouple the PCS from the BB PHTS,
an Intermediate Heat Transfer System (IHTS) equipped
with an Energy Storage System (ESS) is interposed
among them (see fig. [[) [7]. This system acts as a
bridge between the BB PHTS, which is the main hub of
the DEMO heat transfer chain, and the PCS [8]], allow-
ing collecting a portion of the thermal power transferred
during the Pulse period in order to save thermal energy
to be delivered to the PCS during the Dwell time. The
thermal power removed from Divertor (DIV) [9,[10] and
Vacuum Vessel (VV) is used to pre-heat the PCS feed-
water (see fig. [T), together with the most common re-
generative heaters fed by the steam turbine extraction
lines.

Figure 1: Simplified conceptual scheme of BoP - Indirect-coupling
option.

In this context and within the framework of the ac-
tivity of the Work Package Balance of Plant (WPBoP)
of the EUROfusion actions, a study has been jointly
carried out by University of Palermo, Ansaldo Nucle-
are and CREATE to design the main components of the
Ex-Vessel PHTSs of the Divertor Plasma Facing Com-
ponents (PFCs) and Cassette Body (CB), namely the
DIVertor Plasma Facing Units (DIV PFU) PHTS and
the DIVertor CASsette body (DIV CAS) PHTS, for a
DEMO reactor equipped with a Helium Cooled Peb-
ble Bed Breeding Blanket, assessing their sizes and the
overall performances. The aim has been to identify
technical R&D needs, establish layout integration and
safety requirements [11].

The paper describes criteria and rationale followed
with the aim to achieve simple PHTS designs based on

the adoption of easy-to-manufacture main components
avoiding too much extrapolation from the state-of-art
technology. Results of preliminary thermal-hydraulic
calculations carried out to size piping, heat exchangers
and pressurizers are presented and critically discussed,
with particular attention to those integration, safety and
feasibility constraints that may deeply affect the design
of such components. Finally, the evaluation of PHTS
key parameters as total pumping power and coolant in-
ventory is reported.

2. The design of the DIV PHTSs

According to DEMO Baseline 2017, the DEMO Di-
vertor is articulated in 48 toroidal cassettes, three for
each toroidal sector of the reactor, to ease their remote
handling procedure. Each cassette is composed of a
CB, equipped with a Shielding Liner and two Reflec-
tor Plates (RPs), and two PFCs, namely an Inner Ver-
tical Target (IVT) and an Outer Vertical Target (OVT).
IVT and OVT house the Plasma Facing Units (PFUs),
the fundamental elements adopted to withstand the high
superficial heat loads: they are cooling tubes, equipped
with swirl tapes to enhance their heat transfer perfor-
mances. Fig. 2] shows the CAD model of the entire Di-
vertor assembly.

Figure 2: Model of the DEMO divertor assembly.

Due to the different heat loads they have to withstand
and to the requirements agreed to guarantee the struc-
tural material integrity, the PFCs and the CB (with its
Liner and RPs) must be cooled by two separate circuits,
fed by water coolant at different thermal-hydraulic con-
ditions.

The main function of the HCPB DIV PFU and DIV
CAS PHTSs is to extract thermal power from Divertor
PFCs and CB, respectively, and transfer it to the Power
Conversion System through Heat eXchangers (HXs)
that act as PCS feed-water pre-heaters as well as to pro-
vide containment boundary to the primary coolant. In



addition, they have also the function of limiting the air
and secondary coolant in-leakage. The working pres-
sure and temperature ranges are imposed by the operat-
ing conditions of the In-Vessel Components (IVC) cool-
ing circuit, whose main thermal-hydraulic data may be
found in [12} 13, [14] and in [15} [16, [17] for the PFCs
and the CB, respectively. In particular, according to its
pre-conceptual design, the DIV PFU PHTS is devoted
to removing 136 MW of thermal power using water at a
PFCs inlet pressure of 5 MPa and working temperatures
of 130 + 136 °C while the DIV CAS PHTS is devoted to
removing 115.2 MW of thermal power using water at a
CB inlet pressure of 3.5 MPa and working temperatures
of 180 + 210 °C.

Table [T] and table 2] summarize the main inputs and
boundary conditions used to perform the detailed design
of both the DIV PFU and DIV CAS PHTSs from the in-
vessel client and the secondary side, respectively.

Table 1: Primary side input data and boundary condition.

DIV PFU DIV CAS

Coolant [-] Water Water
Divertor cassettes [-] 48 48
Deposited power [MW] 136.0 115.2
Inlet pressure [MPa] 5.00 3.50
Inlet temperature [°C] 130.0 180.0
QOutlet temperature [°C] 136.0 210.0
Design pressure [MPa] 5.750 4.025
Design temperature [°C] 250.0 250.0
Pressure drop [bar] 9.436 8.452

Table 2: Secondary side input data and boundary condition.

DIV PFU DIV CAS
Coolant [-] Water Water
Inlet pressure [MPa] 0.40 5.90
Inlet temperature [°C] 62.7 165.6
QOutlet temperature [°C] 112.6 201.7

The two PHTSs share the same layout; both the
PHTSs are subdivided into two independent cooling
loops, each one feeding eight Divertor sectors for a to-
tal of 24 Divertor cassettes. Each Divertor cooling loop
is equipped with one pump, one pressurizer, one feed-
water preheater and connecting piping. Loop intercon-
nections have been avoided in order to reduce the max-
imum coolant inventory discharged following a pipe
break in the Tokamak Cooling Rooms. The present lay-
out is coherent with previous studies on fusion reactor
balance of plant [18]].

By way of example, the detailed design of the DIV
PFU PHTS is reported in fig. [3] [19] with hot and cold

zones of piping marked in red and blue colours, respec-
tively. As can be recognized from the figures, the two
loops are identical.

Figure 3: Isometric view of DIV PFU PHTS layout.

3. Pipework design and arrangement of the cooling
loops

The main task of PHTS pipework is to transport the
water coolant from the in-vessel components to the pre-
heaters of the PCS feed-water and bring it back once the
thermal power has been transferred to the PCS.

Concerning the pipe dimensions, nominal diameters
have resulted from a compromise between the need of
reducing the overall total pressure drop, and, thus, the
pumping power, and the integration constraints. In par-
ticular, a coolant average velocity lower than 12 m/s
should be kept within the largest pipework as a trade-
off value between the need to limit system pressure drop
(hence pumping power) and coolant total inventory. In
particular, pipes nominal diameters range from DN125
to DN600 for the DIV PFU PHTS and from DN8O to
DN300 for the DIV CAS PHTS.

Feeding pipes connecting either the Divertor PFCs or
CB with the main distributors are equipped with several
expansion bends to compensate for the large thermal ex-
pansion these types of cooling circuit may be subjected
to during normal operations.

3.1. Pipe material and thermal insulation

The material preliminary selected for the pipe net-
work of the DIV PHTSs is the stainless steel AISI
316LN (EN 1.4429, ASTM UNS S31653) mainly be-
cause it shows good high-temperature mechanical prop-
erties and its tritium permeation characteristics are well
known [[19].

Furthermore, the minimum insulation thicknesses re-
quired for the DIV PFU and DIV CAS feeding pipes
to prevent excessive heat losses toward the environ-
ment have been calculated for the ex-vessel PHTS
pipework up to the vacuum boundary of the upper port



annex (at Bio-shield level). Insulation material has
been preliminary selected to be microporous insulation
Microtherm® SLATTED [20] according to what has
been done recently within the context of the ITER TBM
programme [21]] and to the available diameters from the
Microtherm® catalogue. In particular, the calculated
thicknesses range from 7 mm to 10 mm for the DIV
PFU PHTS piping and from 14 mm to 20 mm for the
DIV CAS PHTS piping.

3.2. Thermal-hydraulic design

In order to study the overall hydraulic behaviour of
the system, an assessment of the pressure drops along
the different paths of the DIV PFU and DIV CAS
PHTS loops has been made. To this purpose, the eval-
uations have followed the approach usually suggested
in the reference handbooks on this topic, such as the
Idelchik’s “Handbook of Hydraulic Resistance” [22] or
“Pipe Flow” by Rennels and Hudson [23]].

Concerning the pipework roughness, the value has
been selected after a review of several sources [22, 123,
24], which report data that are not always in perfect
agreement. Although it is clear that the roughness can
have a non-negligible effect on the distributed pressure
drops, especially in case of long piping systems as in the
present case, it has been decided to apply in any case
the value of 50 um for conservative reasons. Further-
more, aiming at ensuring the required mass flow rate in
each segment, a proper balance of the coolant pressure
losses has been pursued assuming that dedicated zones
of the loop will be equipped with devices suitable for
this scope, such as tuning valves.

Fig. [6] and fig. [7] report a graphic representation of
the pressure distribution along the central cassette cool-
ing paths of the right half-ring, being representative of
all the 24 cooling paths, for the DIV PFU PHTS and
the DIV CAS PHTS, respectively. Furthermore, in or-
der to ease the comprehension of fig. [6and fig.[7] fig.
and fig. [§] illustrate the various “pressure-probing sec-
tions” for the cold and hot piping, respectively, of a typ-
ical DIV PHTS. The “tuning valves” are supposed to be
placed along the cold feeding pipes before crossing the
Bio-shield, i.e. between position 2 and 3.

4. Heat exchanger design

Being the largest components of the ex-vessel cir-
cuits, the heat exchangers have been investigated as first
priority because they can play an important role in the fi-
nal disposition of the PHTS circuitry. If on the in-vessel
component side the pipes must be channelled into the

Figure 4: Cold piping pressure probing sections.

Figure 5: Hot piping pressure probing sections.

outer wall annexes to reach the lower pipe chase, on the
exchangers side the arrangement of both hot and cold
legs is driven by the heat exchanger topology, thus its
inlet and outlet position strongly influence the overall
PHTS layout.

In the nuclear industry, almost all the solutions adopt
shell and tube heat exchangers; thus, the adoption of this
typology appears the most logical choice if the applica-
tion of proven manufacturing technologies wants to be
pursued. Among the Shell&Tube (S&T) families, the
“standard” configurations with straight or U-tube bun-
dles are undoubtedly the most popular. Moreover, it is
worth to underline that this kind of shell and tube heat
exchangers is widely used also outside the nuclear in-
dustry; indeed, it is basically the “workhorse” of any
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Figure 7: Static pressure distribution along the DIV CAS PHTS.

heat transfer industrial process for several reasons [25]].

Therefore, first priority has been given to such an op-
tion because a positive assessment could exclude, or
at least limit, the need of investigating heat exchang-
ers more complicated to manufacture. The detailed de-
scription of the adopted design methodology is widely
reported in [26].

Preliminary assessments have been made on both the
two possible flow configurations of the shell fluid. In
fact, keeping always an overall counter-current flow
configuration between the primary and the secondary
coolants, the fluid circulating on the shell side can ide-
ally assume two main different flow patterns respect to
the longitudinal axis of the bundle, namely pure parallel
flow or pure cross flow.

Before starting with the first assessments, additional
considerations and assumptions have been needed to
circumscribe the boundaries within which to move and
they will be introduced in the following. For instance,
the selection of the tube-side fluid affects the choice of
the exchanger typology and requires an evaluation of
many factors to arrive at a satisfactory compromise.

For the DIV relevant fluids and working conditions,
the choice of the tube-side coolant seems straightfor-
ward. Primary water coolant is the hottest fluid for both
the DIV PFU and the DIV CAS and, flowing within a
nuclear primary circuit, it is a carrier of radioactive par-
ticles (mainly tritium). Furthermore, a good prediction
of its pressure losses is necessary to assess the pump
size. Moreover, regarding the DIV PFU HX, primary
coolant is the high-pressure fluid. Hence, the selec-
tion of the tube-side coolant is quite obligated in this
case. The main input data and boundary condition can
be gathered from table[T]and table 2]

4.1. Preliminary assessments and flow arrangement se-
lection

A preliminary assessment has been carried out in or-
der to narrow the field of possible options. A total
of 1600 configurations have been investigated for each
flow configuration considered, each one identified by a
specific triad of independent variables: the tube external
diameter “d,” according to those available in the TEMA
standard [27]], the primary coolant maximum velocity
“u,” and the secondary coolant velocity “u,”. Their val-
ues ranging as follows:

e 15875 mm < d, <31.75 mm;
e 0.5m/s<u <7.5m/s;
e 0.5m/s<uy <1.5m/s.

For a given triad of these values, the total number of
tubes in the exchanger “N”, the tube internal diameter
“d;”, the shell side flow area “A,,ss” (or ratio pitch over
diameter “P/d,”) and, finally, the length of the tubes “L”
can be calculated.

According to an engineering judgement, the cut-off
points presently selected to consider feasible an option
have been:

Max. tube length L < 8 m for the DIV PFU HX;
Max. tube length L < 15 m for the DIV CAS HX;
Max. internal shell diameter D; < 3 m;

Max. tubes number N < 5000;

Pitch over diameter ratio 1.1 < P/d, <1.65;
Max. primary side Ap Appripq < 2 bar;

Max. secondary side Ap Apsccondary < 1 bar.



The geometrical constraints have been mainly se-
lected in order to avoid too much extrapolation respect
to the state-of-art technology limit. Additionally, as for
the coolant pressure drop on both side of the exchanger,
reasonable values drawn from the experience of fission
NPPs have been considered.

Results have shown that, in case of parallel flow, just
few options are feasible. On the contrary, if the HX is
equipped with baffle plates, some more configurations
are possible. Furthermore, for a given triad of tube di-
ameter, primary and secondary coolant speed, the plate-
baffled shell and tube exchanger allows to minimize the
heat transfer surface; therefore, it has been chosen to
focus the attention on this option to be studied in detail.
Some of the most relevant results obtained for the DIV
PFU are shown in figures from fig.[8]to fig.[TT] The val-
ues in black represents points that lie outside the design
constraints.

Pipe Length for Doul =25.4 mm

L [m]
Pipa Length [m]

Figure 8: Tube length for d, = 25.4 mm.

4.2. Detailed design

The analysis of the preliminary results has led to se-
lect the plate-baffled shell and tube exchanger. In addi-
tion, a wide variety of primary and secondary coolant
velocity combination may be selected. In order to defi-
nitely select the tubes diameter, a check of the nominal
dimensions commonly available on the market has been
done. The need of thousands tubes to equip two heat ex-
changers per PHTS suggests the use of standard sizes,
unless particular conditions would occur.

The tube minimum thickness has been calculated by
the proper formula drawn from ASME code [28]]:

pdesignde
tyy, = —————— + A 1
" 2(Sm + Pdesign Y) ( )
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Figure 9: Number of tubes for d, = 25.4 mm.
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Figure 10: Secondary side pressure drop for d, = 25.4 mm.

where pgesign 18 reported in table (I} Y is equal to 0.4 and
S ,» 1s the maximum allowable stress intensity of the tube
material at the design temperature, set to 250 °C for both
the DIV PHTSs. This latter value takes into account the
temperature that the PHTS is supposed to reach in case
it undergoes the baking operative procedure [10]. The A
factor is an allowance that can be added to the minimum
calculated value to consider any reason that could lead
to a reduction of the material (e.g. corrosion, erosion,
wall thinning do to treatments). An allowance of 0.1
mm has been employed.

Therefore, performing the calculations it has been
seen that to lay within the optimal internal diameter re-
gion, a nominal d, = 25.4 mm with a wall thickness of
1.245 mm must be used for the DIV PFU HX while a
nominal d, = 15.875 mm with a wall thickness of 1.651
mm must be adopted for the DIV CAS HX. The final
thicknesses have been selected so to avoid the possible
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Figure 11: Shell diameter for d, = 25.4 mm.

occurrence of tube buckling due to the different ther-
mal expansion between the tube and the shell material
during operations. As regard to the tube layout and the
pitch, a square tube lattice with a pitch of 38.1 mm has
been selected.

To ensure proper heat transfer capabilities also in the
so-called “End-of-Life” (EoL) conditions, a 10% over-
sizing of the exchanger is usually envisaged. Further-
more, in the EoL conditions, the fouling factor on the
secondary side has been set to 1.76-107* m’K/W ac-
cording to [27], while no fouling factor has been used
for the primary coolant, being confident in its high
cleanliness during operation.

After a proper tube allocation within the shell has
been pursued taking into account the presence of sup-
porting tie rods, the internal shell diameter has been se-
lected together with dimensions and distribution of the
shell internal baffle for both the DIV HXs, considering
reasonable clearances [26]. Moreover, the employment
of an annular distributor at the inlet nozzle has been
foreseen to slow down the entering coolant thus avoid-
ing vibrations and erosion of the first rows of the tube
bundle.

Once these main geometrical characteristics have
been set, the detailed thermal-hydraulic design of the
plate-baffled heat exchangers has been performed fol-
lowing the Bell-Delaware approach, as modified by Ta-
borek [29]. The Bell-Delaware method is based on the
calculation of a series of auxiliary geometrical factors
for the determination of the shell side heat transfer co-
efficients and pressure drops. These factors are all listed
in many handbooks that deal with this topic [29} 30].

Furthermore, a preliminary mechanical assessment of
the principal pressure retaining elements of both the ex-

changers has been made. In particular, the thicknesses
of the shell parts and the plates have been evaluated by
means of the rules and the guidelines reported in the
different sections of ASME Boiler and Pressure Vessel
Code (BPVC), namely section IIT [28], and section
VIII [32].

Therefore, in agreement with all the criteria and con-
straints described, a final design for both the standard
shell and tube DIV HXs has been outlined. By way of
example, the DIV PFU exchanger layout and the coolant
flow scheme are reported in fig. 12} The main thermal-
hydraulic characteristics resulted from the assessments
are summarized in table [3] while the main outcomes of
the mechanical design are reported in table 4]

It must be pointed out that the calculations have been
run in parallel with those for pipework and pumps (see
section [3|and section [6]) allowing assessing, through an
iterative procedure, the inlet pressure of the exchanger
as well as its outlet temperature.

FW inlet FW outlet

Primary 4 Primary
outlet inlet

Reinforcement

Figure 12: Preliminary sketch of the DIV PFU HX.

Primary water coolant enters into the “hot” hemi-
spherical head, here it is canalized into the tube bun-
dle through the holes drilled in the tubesheet. Feed-
water flows on the shell side where it enters through 18
openings connecting the heating section to an annular
distributor (pre-chamber) in which the water is injected
from the inlet nozzle. The annular distributor is neces-
sary to slow down the coolant thus avoiding vibrations
and erosion of the first rows of the tube bundle. In the
heating section, primary and secondary coolants have an
overall counter current flow pattern, with the feed-water
crossing the baffle compartments. At the outlet of the
tube bundle, after being passed through the tubesheet,



Table 3: Main thermal-hydraulic features of the DIV HXs.

DIV PFU DIV CAS
Inlet pressure Tube/Shell side [MPa] 3.82/0.4 2.59/5.95
Inlet temperature Tube/Shell side [°C] 136.0/62.7 210.0/165.5
Outlet temperature Tube/Shell side [°C] 129.6/112.6 179.7/201.7
Mass flow rate Tube/Shell side [kg/s] 2728.5/360.1 431.4/367.8
Number of tubes BOL[-] 2633 4525
Number of tubes EOL [-] 2369 4072
Fouling factor BOL Tube/Shell side [m>’K/W] 0/0 0/0
Fouling factor EOL Tube/Shell side [m*>K/W] 0/1.76E-4 0/1.76E-4
Heat transfer surface BOL [m?] 834.5 2969.6
Heat transfer surface EOL [m?] 750.8 2672.3
Tube external diameter [mm] 25.4 15.875
Tube pitch [mm] 38.1 23.813
Tube lattice [-] square square
Tube thickness [mm)] 1.245 1.651
Tube active length [m] 3.972 13.159
Tube material [-] Inconel 690 Inconel 690
Primary Volume [m?] 10.6 11.6
Secondary Volume [m’] 12.3 26.6
Primary mass [t] 9.9 10.1
Secondary mass [t] 11.9 23.6
Mean overall heat transfer coefficient [W/m>K] 2427 1988
Primary side pressure drop [kPa] 95.7 36.1
Secondary side pressure drop [kPa] 56.8 202.2

Table 4: Additional mechanical data of the DIV HXs.
DIV PFU DIV CAS

Shell material [-]

Tubesheet material [-]

Tube material [-]

Overall height [mm]

Shell external diameter (no discontinuities zones) [mm]
Shell external diameter (reinforced zones) [mm]

Shell thickness (no discontinuities zones) [mm)]

Shell thickness (reinforced zones) [mm]

Head external diameter [m]

Head thickness [mm]

Tubesheets thickness [mm]

Reinforcement length (at tubesheet discontinuity) [mm]
Baffle spacing [mm]

Baffle thickness [mm]

Tube-to-baffle hole clearance (diametral) [mm]
Shell-to-baffle clearance (diametral) [mm]
Shell-to-bundle clearance (diametral) [mm]

Total metal mass [ton]

SA-508 Gr.3 Class 2
SA-508 Gr.3 Class 2
Inconel 690
6968.0
2322.0
2346.0
8.0
20.0
2346.0
20.0
325
1000
496.5
12.7
0.4
10.8
65
32

SA-508 Gr.3 Class 2
SA-508 Gr.3 Class 2
Inconel 690
15907.0
1966.0
1998.0
32.0
48.0
1998.0
48.0
375
1000
657.95
19.1
0.4
9
65
80




the primary fluid is collected into the “cold” head from
which it exits and is carried to the pump suction via a
cold leg. The secondary coolant exits the shell through
an annular collector where the outlet pipe nozzle is at-
tached. The exchanger will be placed in horizontal po-
sition.

5. Preliminary pressurizer sizing

Since the DIV PHTSs are cooled by highly sub-
cooled water and no boiling is allowed to ensure that the
IVC may safely operate under normal operative condi-
tions, each PHTS loop must be equipped with a pressur-
izer (PRZ), which acts as a surge volume.

Due to the peculiar pressure and temperature operat-
ing ranges of the DIV PHTSs, the common design ap-
proach [33] [34]] adopted for a typical PWR might have
led to the underestimation of the pressurizer liquid and
vapour volumes needed to accommodate any out-surge
or in-surge transient. Therefore, it has been further
developed considering plausible overcooling and over-
heating scenarios with pragmatic margins according to
the methodology adopted for the ITER IBED PHTS
pressurizer [35].

Furthermore, the minimum pressurizer diameter to
avoid liquid swelling to the pressurizer relief valve with
a reasonable safety margin has been calculated for both
the DIV PHTS PRZs, according to [36].

Moreover, a preliminary mechanical sizing has been
carried out for both the two PRZs following the indica-
tions given in [37]] and the maximum stresses at the head
joints are evaluated according to [38]].

In this context, it is worth to underline that a proper
pressurizer sizing shall take into account a profound
knowledge of the thermal-hydraulic behaviour of the
investigated PHTS under the most relevant operational
and incidental transient scenarios. Therefore, the results
herein presented are to be intended as preliminary com-
ponent sizing rather than a final pressurizer design.

5.1. Pressurizer volumes allocation

According to the methodology outlined in [35],
enough space for the following five points must be con-
sidered while allocating pressurizer volume. The final
pressurizer dimension is simply given by the sum of the
five allocated volumes.

Nominal and transient surge space.

Steam space for spray nozzle/steam condensation.
Heater length in cylinder.

Level measurement uncertainty.

Operating margin at extent of measurement range.

kLD =

These points allow taking into account the necessary
volumes to accommodate the expansion and contraction
of the coolant in order to maintain pressure control dur-
ing plasma operations and transient events.

The primary loop is schematized as consisting of
two sections, namely a Hot Section (HS) and a Cold
Section (CS). Coolant thermo-physical properties in
the hot and cold legs are conservatively based on the
thermal-hydraulic conditions calculated at the heat ex-
changer entrance and at the pump delivery section, re-
spectively. In-vessel components and HX volumes have
been equally divided between hot and cold sections.
Furthermore, coolant pressure within the pressurizer has
been assumed close to that calculated at the heat ex-
changer entrance (~38.2 bar for the DIV PFU PHTS and
~25.9 bar for the DIV CAS PHTYS), i.e. where the surge
line is supposed to be connected to the hot leg. Initially,
the system is uniformly supposed at the cold leg temper-
ature in a so-called “hot stand-by” state (T = 130 °C for
the DIV PFU PHTS and T = 180 °C for the DIV CAS
PHTYS).

The pressurizer volume is excluded from this calcula-
tion because it does not experience the changes in tem-
perature that the rest of the system does. The main input
parameters are reported in table[3}

Table 5: Pressurizer sizing input parameters.

DIVPFU DIV CAS

In-vessel volume [m’] 3.841 35.209
HX volume [m?] 10.585 11.602
HS piping volume [m?] 18.056 7.662
CS piping volume [m’] 23.576 7.217
Nominal HS volume [m?] 25.269 31.068
Nominal CS volume [m?] 30.789 30.623
HS pressure [bar] 38.2 259

Nominal HS temperature [°C] 136.0 210.0
CS pressure [bar] 55.7 37.7

Nominal CS temperature [°C] 130.0 180.0
Pressurizer pressure [bar] 37.2 24.9

Pressurizer temperature [°C] 246.1 223.8

5.2. Pressurizer diameter estimation

The procedure described in [35] and adopted for the
DIV PHTS PRZs allows calculating the total volume of
the pressurizers, while nothing is still known about its
cross-section area and, thus, on its height-to-diameter
ratio. In common NPPs, this latter value typically
amounts to 4 + 5, it strongly depends on the adopted
venting equipment and on the pressure control system
and it is derived from the investigation of some relevant



transient scenarios according to the criteria established
by the licensing authority.

At the pre-conceptual phase, transient simulations
have not been performed for the DIV PHTSs neither
during operational scenarios nor during incidental ones.
Rather, a preliminary sizing is needed to start an iter-
ative design that might also take into account the out-
comes of relevant transient analysis. To this purpose,
aiming at determining a tentative reasonable value for
the pressurizer diameter, some interesting observations
on vapour disengagement dynamics can be made.

Depressurization of a vessel containing superheated
liquid or addition of heat to liquid in a vessel gives rise
to the formation of vapour bubbles, which results in lig-
uid swell. If this is severe, the level of the swollen liquid
may reach the vent. Even if this is not so, there may be
carryover of droplets into the vent. Liquid swell and
vapour disengagement therefore affect the vapour mass
fraction entering the vent [39].

In the following, the methodology outlined in [36]
is exploited to get a tentative reasonable value for the
pressurizer diameter.

The models described herein are applicable to top-
vented, vertical, right circular cylindrical vessels when
it has been established that two-phase flow will occur
and that some vapour-liquid disengagement will take
place.

In order to ensure that the pressurizer might safely
operate under normal and off-normal conditions, the oc-
currence of liquid swelling to the relief valve and, thus,
of a two-phase venting must be prevented. If it is con-
servatively assumed an all vapour vent mass flow rate,
the vapour material balance at the vent entrance may be
written as:

AG = j:goopg,sACR ()

where A, is the vent cross-section area, G is the vent
mass flux, ji., is the vapour superficial velocity at the
liquid surface which is required to just swell the liquid
to the top of the vessel (the subscript co refers to the
value at the liquid surface), p,  is the vapour density
at the vessel super-incumbent pressure and temperature,
Acr 1s the vessel cross-section area.

The vapour superficial velocity (j,.,) can be calcu-
lated from an appropriate vessel model that relates ji,
to the vessel average void fraction (@). Vessel flow
models estimate the liquid swell (degree of vapour-
liquid disengagement) as a function of vapour through-
put. These vessel flow models are then coupled with
vent flow capacity models at a given vessel pressure to
determine the vapour mass fraction and the total mass
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flow rate entering the vent line which in turn allows de-
termination of the vent volumetric discharge rate [36].
The vessel flow models define the relationship between
the average void fraction in the swelled liquid (@), the
vapour superficial velocity at the liquid surface (Jge),
and the characteristic bubble rise velocity (Us).

Two principal regimes are recognized as occurring
when a vessel is depressurized. If the liquid is
non-foaming the regime tends to be churn-turbulent,
whereas if it is foaming the regime is bubbly [39]. An
otherwise non-foaming liquid may be rendered foam-
ing by the presence of impurities. The water coolant of
a primary heat transfer system of a nuclear power plant
may undoubtedly be classified as a non-foaming fluid.
Therefore, the churn-turbulent vessel model has been
deemed the most suitable to describe the pressurizer of
the DIV PHTSs.

The churn-turbulent vessel model assumes uniform
vapour generation throughout the liquid with consider-
able vapour-liquid disengagement in the vessel. The de-
gree of vapour-liquid disengagement is represented by
the relationship:

4

o = 3
Uy 1-Coax 3)

where Cy is a data correlating parameter with normal
values running from 1.0 to 1.5. According to [36], Cy
= 1.0 is conservative while Cy = 1.5 may be considered
a best-estimate value. The first value has been deemed
too conservative; therefore, Cp = 1.5 has been adopted
for the present calculation. The characteristic bubble
rise velocity (Us) for the churn-turbulent vessel model
is given by the expression:

[og(or — p)]'/*

1/2
pf/

Us =153 “

where o is the interfacial tension, g is the acceleration
due to gravity, py is the liquid density, and p, is the
vapour density. @ can be set equal to the vessel aver-
age void fraction to estimate the maximum vapour su-
perficial velocity for the onset of two-phase venting for
given values of U, and Cy.

Given the needed theoretical background, the follow-
ing procedure is proposed to obtain a tentative pressur-
izer diameter.

Step 1. The average void fraction within the pressur-
izer (apgz) is calculated from the volumes allocated in
the previous section simply as:

Ve

Ve + Vy )

@prz =



where V, is the pressurizer volume occupied by the
steam during normal operation while Vy is the space
occupied by the saturated liquid. At this stage, a safety
factor (K) may be applied so to have a minimum safety
margin from liquid swelling at least during normal op-
eration. Accounting for this safety margin, the average
void fraction in the swelled liquid (@) is set to:

(6)

where K has been assumed equal to 0.9 for the present
calculation.

Step 2. Given @, the degree of vapour-liquid disen-
gagement (Jg.,/Us) may be evaluated from eq. ac-
cording to the churn-turbulent vessel model.

Step 3. U is calculated from eq. {@) for the churn-
turbulent vessel model and, thus, j;oo-

Step 4. If the valve throat area and the valve mass
flux are known or may be somehow assumed, eq. (2)
may be conveniently rearranged to give the minimum
pressurizer cross-section area:

a = Kapgz

= )

The last step of the outlined sizing procedure requires
that the valve throat area and the valve mass flux are
somehow known. These values are usually evaluated
by means of transient simulations that allow calculating
the maximum mass flow rate to be evacuated during ref-
erence incidental scenarios. Nevertheless, as transient
calculations are not yet available, the valve throat area
may be tentatively assumed by scaling those drawn from
common NPPs.

Following some simple considerations, the valve
throat area may be considered as proportional to the re-
actor power and inversely proportional to the volume of
the PHTS and the valve set point. Therefore, the valve
throat area (A, ;) can be scaled from [40] by means of
the following equation:

Qi ppwr Vpwr
Orwr pPi Vi

Ayi = Ay pwr (3)
where A, pwr, Opwr, ppwr and Vpyg are drawn from
[4Q] and are representative values of, respectively, valve
throat area, reactor thermal power, valve set point and
PHTS volume for fission NPPs. On the other hand, Q;,
pi and V; are, respectively, reactor thermal power, valve
set point and PHTS volume of either a DIV PFU or a
DIV CAS PHTS loop.

While sizing the Safety Relief Valve (SRV), it must
be considered that the usual requirement for a SRV is to
keep the maximum pressure drop in the PHTS pipework
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during any transient scenario below 1.1pgesign (see [40]]).
Therefore, taking into account the predicted total pres-
sure drop between the pump delivery and the surge line
connection, the SRV pressure set points have been fixed
to ~44.8 bar for the DIV PFU PHTS and ~31.5 bar
for the DIV CAS PHTS. Additionally, following the
EPR example [40], the pressurizer is supposed to be
equipped with three SRV mounted on top of it while
Power Operated Relief Valves (PORVs) are not consid-
ered.

Concerning the mass flux through the valve, it may
be calculated according to [28] and presuming that an
all-vapour vent flow occurs by means of the following
equation:

G = 325Ca(1psry + pam)10°
- 3600

©))

where G is the mass flux through the valve expressed
in kgs~'m~2, C, is the discharge coefficient, psgy and
Pam are respectively the SRV set pressure gauge and
the atmospheric pressure both expressed in MPa. Cy is
calculated following the indications given in [28] and
amounts to 0.873.

The pressurizer cross-section area may now be calcu-
lated from eq. (7). Table[6]reports the main outcomes of
the pressurizer sizing.

Table 6: Pressurizer sizing summary.

DIVPFU DIV CAS

Cylinder volume [m°] 9.170 5.777
Single head volume [m’] 0.714 1.432
Total volume [m?] 10.597 8.642
Liquid volume [m’] 5.346 4.879
Vapour volume [m?] 5.251 3.763
Diameter [m] 1.760 2.220
Cylinder height [m] 3.769 1.493
Total height [m] 4.649 2.603
Height to diameter ratio [-] 2.14 0.67
PRZ cross-section area [m?] 2.433 3.871
PRZ operating pressure [bar] 37.2 24.9

Number of SRV [-] 3 3
SRYV pressure set point [bar] 44.8 31.5
SRV throat area [m?] 2.317-107%  2.641-1073

5.3. Preliminary mechanical design

The thicknesses of the pressurizer shell parts have
been preliminarily evaluated by means of the rules and
the guidelines reported in [37]]. Furthermore, the maxi-
mum axial and hoop stresses at the head joints are eval-
uated according to [38]].



The low alloy steel SA-533 Type B CL1 has been pre-
liminary selected for the pressurizer and its properties
have been drawn from [41]].

Table 7: Pressurizer preliminary mechanical design summary.

DIVPFU DIV CAS

Shell material [-] SA-533 Type B CL1
Design stress intensity [MPa] 184.0

Design pressure [MPa] 5.75 4.025
Shell selected thickness [mm] 34.0 28.0
PRZ external diameter [m] 1.818 2.246
PRZ external height [m] 4.759 2.684
PRZ metal weight [ton] 7.409 4.569
Max. axial stress [MPa] 160.7 171.2
Max. hoop stress [MPa] 166.9 177.8

6. Preliminary considerations on pump selection

The PHTS Main Coolant Pumps (MCPs) must pro-
vide forced-circulation flow to the IVC sufficient to en-
sure that they might safely operate during normal and
off-normal condition preventing the occurrence of the
departure from nucleate boiling with a sufficient safety
margin. To this purpose, the MCPs shall be sized to de-
liver the IVC flow rate with adequate margin. Table [§]
reports the MCPs main design parameters for both the
DIV PFU and DIV CAS PHTSs.

Table 8: MCPs main design parameters.

DIV PFU DIV CAS
Rated vol. flow rate [m’/s] 2912 0.486
Rated head [m] 206 142
Isentropic efficiency [-] 0.80 0.80
El./mech. efficiency [-] 0.95 0.95
Thermal power [MW] 6.89 0.749
Electrical power [MW] 7.26 0.789

With regard to table |8} the rated head has been cal-
culated from the results summarised in section 3] while
typical isentropic and electrical/mechanical efficiencies
have been assumed for the calculation of the thermal
power deposited into the fluid and the required electri-
cal power.

With reference to the most modern fission NPPs, it
may be argued that almost all of them are equipped with
vertical shaft, single stage, single suction, centrifugal
primary pumps.

In particular, it may be noticed that primary pumps of
common PWRs are usually characterised by high rated
capacities and relatively low heads if compared to what
expected for the DIV PHTSs. Motor speed varies in
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a short range comprised between 900 and 1200 rpm,
while the required electric power ranges between 4.5
and 7.5 MW.

Instead, when looking at the Boiling Water Reactors
(BWRs) and CANDU technology, the rated volumet-
ric flow rates and the developed heads are much closer
to those predicted for the DIV PFU PHTS, but still far
from what is expected for the DIV CAS PHTS. The
electric power is in the same range already identified for
the PWRs, while the nominal speed is typically higher
(1800 rpm).

On the other hand, auxiliary systems of common
NPPs, such as the component cooling water system
and the residual heat removal system [42]], are typically
equipped with centrifugal pumps whose operating pa-
rameters are close to those expected for the DIV CAS
PHTS.

Therefore, in line with the nuclear industry experi-
ence, it seems quite natural that the quest for a pump de-
sign solution shall be oriented towards a vertical, single
stage, centrifugal pump within a nominal speed ranging
between 800 and 1800 rpm and employing a controlled
leakage shaft-seal assembly.

7. Integration of the DIV PHTSs in the DEMO
Tokamak Building

From the previous sections, it can be summarized that
a generic DIV PHTS loop consists of in-vessel circuits,
an heat exchanger, a pressurizer, a main coolant pump
and connecting pipes.

The piping (per each cooling loop) foresees hot leg,
cold leg, collector, distributor and six feeding pipes per
each sector (3 pipes to retrieve hot water from each
sector and 3 to feed them with cold water). Feeding
pipes connecting the DIV-PFUs to the main manifolds
are routed within the lower ports through radial pene-
trations across the Bio-shield. Coolant manifolds are
hosted in a toroidal corridor, the so-called Lower Pipe
Chase (LPC), running all around the Tokamak. Hot
(cold) manifolds of each circuit are arranged in order to
form a hot (cold) half-ring, which collects (distributes)
the coolant among the feeding pipes. Half-rings have
variable cross section to minimize the coolant inventory
and keep the water velocity below 12 m/s. Hot legs and
cold legs respectively connect the manifolds to the HXs
and the MCPs to the distributors. The main cold and hot
legs cross the LPC outer wall to reach HXs and MCPs
rooms. Piping is equipped with a proper thermal insula-
tion.

The main components are located on the two opposite
sides in the Tokamak cooling rooms at the lower levels



of the Tokamak Building. The HXs are integrated in the
BoP Rankine cycle as pre-heaters of the feed-water. The
feed-water flows on the secondary side. Each HX relies
on the Shell&Tube technology.

The pressurizers are connected to the hot legs up-
stream the heat exchangers through surge lines. They
maintain the systems pressure at operating conditions
and compensate for changes in coolant volumes due to
load variations.

The MCPs are located nearby the exit of the HXs; a
crossover pipe connects the HX to MCP, which, down-
stream, is connected to the cold leg. The MCPs are
required to deliver and maintain an appropriate flow
through the primary system according to the loading
conditions during: DEMO power operation (e.g. Pulse,
Dwell phases), start-up and shut-down operations, oper-
ational residual heat removal (e.g. hot/cold stand-by).

Table 0] provides a brief summary of the data charac-
terizing the DIV primary systems. By way of example,
the global arrangement of the DIV PFU PHTS is re-
ported in fig. [I3] while its integration into the Tokamak
building is shown fig.[T4]

Table 9: Main DIV PHTSs architecture design parameters.

DIVPFU DIV CAS
Number of cooling loops [-] 2 2
Pump electrical power [MW] 14.5 1.6
In-vessel water volume [m?] 7.7 70.4
Ex-vessel water volume [m’] 106.7 59.8
Water volume [m?] 1144 130.2
Pipework length [m] 2545.0 2787.0
[ Pressurizer | Cold half-ring

: - - with distributors
| Surge line | 2 -
/ I

Pump ‘

Hot half-ring
with collectors

Figure 13: Overview of the HCPB DIV PFU PHTS.
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8. Conclusions

Within the framework of the pre-conceptual design
activity of the WPBoP of the EUROfusion PPPT De-
partment, the DIV primary systems have been sized
considering a two-loop segmentation option. These cir-
cuits are completely independent, from a mechanical

13

Lower Pipe Chase

Tokamak cooling rooms

Figure 14: Integration of the DIV PFU PHTS into the Tokamak build-
ing (top view).

point of view, also in order to limit some common fail-
ures mode.

A preliminary design of the main relevant compo-
nents of the systems such as HXs, PRZs and connection
pipes has been performed following good engineering
practices and according to trade-off analysis to find the
best compromise solution among the available options.

Further step will address the review of the DIV PHTS
design in light of the update of the requirement coming
from the IVC clients [43] [44].
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