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ABSTRACT

Some considerations to preliminarily design the size of the Expansion Volume (EV) and the relief pipes for a
Vacuum Vessel Pressure Suppression System, to be adopted in a fusion reactor based on a helium cooled
blanket, are presented. The volume of the EV depends on the total energy of the cooling system and it can be
sized based on a required final pressure at equilibrium, by a simple energy balance. Two different EV
solutions have been analysed: a “dry” EV and a “wet” EV. In this last, a certain amount of water could be
mixed (by spraying or discharging in a pool) with the discharged helium, to reduce its temperature and
allowing a lower size of the EV with respect to the “dry” solution. The pressure peak in vacuum vessel (VV)
depends mainly on break area and flow area of the relief pipes and a simple formula to be used to size these
pipes is suggested. The computer code CONSEN has been used to perform sensitivity analyses and to verify

the methodology.
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1. INTRODUCTION

In a fusion reactor, an important safety issue is the
overpressure resulting from an in-vessel loss of coolant
accident (LOCA). In water cooled systems, overpressure
resulting from a loss of coolant (e.g. steam in the vacuum
vessel) can be mitigated by re-condensing the steam in a
pressure suppression pool. The inability to do so for helium
cooled systems implies a need for a large expansion volume
to accommodate a helium LOCA and initial studies point to
the need of a very large expansion volume [1].

This can be partially mitigated by dividing the helium
coolant system into separate loops: a design-basis pipe break
accident, then, implies a partial loss of the coolant inventory.
Still, since the vacuum vessel is not expected to be able to
withstand high pressures, it must be equipped with a rupture
disk in order to vent to an adequate expansion volume. This
volume serves as a secondary confinement boundary, and it
have to be designed to a given size and maximum pressure
based on the coolant inventory it must accommodate. In past
ARIES designs, for example, the cryostat has additionally
served this purpose [2].

In analogy with the methodology described in [3] for a
pressure suppression system with a water cooled blanket, a

preliminary sizing procedure could follow two different steps:

1. Sizing of the EV (total volume and amount of cold
water) based on: the final pressure at a characteristic time
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after the break, the helium inventory and energy in the PHTS,
the total free volume of PHTS + VV + EV and the heat
sources (i.e. decay heat and, eventually, the stored heat in the
structures);

2. Sizing of the rupture disk lines and eventual vent lines
connecting the VV with the EV, based on the capability of
transferring the energy rate entering the VV through the
break by a suitable gas flow rate to be accommodated in the
EV.

Thermal-hydraulic analysis of possible accidents evaluates
system responses to accident scenarios, and it also supports
the design of safety systems and strategies to prevent
accident propagation or mitigate its consequences [4].

In the past years, safety analytical codes developed for
fission reactor were adopted for the accident analysis for
fusion reactor based on a helium cooled blanket, as for ITER
[5-6] and for different DEMO models [7-8]. In order to verify
the sizing procedure, some parametric calculations have been
performed by using the computer code CONSEN [9-11].
Simulations of cryogenic He spillages as basis for planning
of experimental campaign in the EVITA facility are
described in [12]. The work included a comparison between
three different computer codes (CONSEN, MAGS and
MELCOR) and one analytical model (ITER Model) in
simulating cryogenic helium releases into the vacuum vessel
(VV) which contains hot structures.




The scope was the evaluation of the transient pressure
inside the VV and the results were used to design a vent duct
(equivalent diameter, length and roughness) to allow pressure
relief for the protection of the VV, which has a design
pressure of 200 kPa.

2. EVALUATING THE SIZE OF THE EXPANSION
VOLUME

The size of the EV must be designed to ensure a pressure
inside the VV below the required limit. Three volumes
connected in series are considered: the Primary Heat
Transfer System (PHTS) with the initial inventory of
pressurized helium which, after the break of some cooling
loops, is discharged also in the Vacuum Vessel and the
Expansion Volume, through suitable relief pipes and rupture
disks.

In equilibrium conditions the whole inventory is
accommodated in all the volumes at about the same pressure.
The helium masses in each volume cannot be preliminary
evaluated without solving the energy balance in the transient
formulation, as the temperatures in the volumes will be
different if an adiabatic process is supposed. For PHTS, the
final conditions can be evaluated through the following
formula:

1y
Do\ ¥
TPHTS,f = TPHTS,O : (ﬁ) (1
_ PrVPHTS
Mpyrs,f = 7R'TPHTS,f 2

Despite the final helium masses and temperatures in the
VV and the EV cannot be easily evaluated, a simple energy
balance, neglecting the initial air mass in the VV and the EV,
could provide an estimation of the EV volume needed to
obtain the final pressure py in all the volumes. If helium is

supposed to be an ideal gas with constant ¢, it can be easily
obtained:

Mpurs,o * Cv * Tpurso = Mpurss " Cv " Tpursy + Myy s Cy*
TVV,f + mEVlf * CU * TEV,f (3)

From which, using the ideal gas law and considering the
final thermodynamic equilibrium of the insulated system, it
can be demonstrated that:

Do * Veurs = 0 * Wenrs + Vv + Viy) (4)

Vey = (Z_; - 1) *Veurs — Vv (5)

Assuming the following data: p, =8MPa ; pf =
0.15 MPa ; Tpyrso = 673.15K ; Vpyrs = 2325 m*; Vyy =
2243 m3, minimum EV size and PHTS thermodynamic
conditions at equilibrium are: Vg, = 119432 m®; Tpyrsp =
137.25K; Mpprs; = 1222.46 kgye.

The previous calculation has been performed in adiabatic
conditions.

The presence of a heat source like the decay heat or heat

transferred by the structures, in terms of heat power Q,
requires to define a time interval after which the final
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pressure is reached. The energy balance between initial and
final states (0 and f) is:

Eo+ [, Q-dt = E (6)
and Eqs. (4) and (5) are modified as follows:
R (tr g =
Po * Vpurs + c_,,fo Q-dt =ps Veurs +Vyw + V) (7)
R te
Vey = <Z_;_ 1>'VPHTS_ Wy + Efon ~dt 8)

where R is the helium constant RO/MH = 2078 J/kg K. The
e
volume to be added in presence of a heat source is then:

R tr o~

(©)

If a constant heat source of 1 MW for 1 hour is considered,
for example:

2078  1-10°
3117 0.15-10°

3600 = 16000 m3/MWh.

AVEV,1MWh =

Therefore, about 16000 m? for each MWh should be added
to the previously calculated EV size to ensure a final pressure
of 0.15 MPa after a given time and heat source. This can lead
to very large volumes and very high gas temperatures, in
absence of a heat sink in the system.

To control the pressure in systems with lower EV size, a
heat sink could be provided by discharging the hot helium
under cold water and/or spraying water in the EV atmosphere
during the discharge, to ensure a good thermal mixing. The
vaporization of a small amount of water could provide
sufficient cooling of helium to reduce the pressure in the VV,
as more helium is transferred into the EV where a lower
temperature is established.

Solution of the energy equation in the presence of water
inside the EV is not trivial. Due to the water partial pressure,
thermodynamic conditions in this volume are quite different
respect to PHTS and VV. To obtain all the variables, in
equilibrium conditions and for the three volumes, is
necessary to solve the energy PDEs system for the whole
circuit.

From preliminary calculations, about 80% of helium
inventory will be collected in the EV, 10% in the PHTS and a
similar amount in the VV, hence presence of water could
ensure a temperature inside the volume 20-30 K higher than
the initial temperature. Therefore, starting from a temperature
of 293.15 K, a final temperature of Tg, , = 318 K, with a
steam partial pressure of about 9.5 kPa, should provide a
helium partial pressure of 140.5 kPa in an expansion volume:

TEv,
0.8'DpHTS,0'VPHTS" ‘f/TPHTSO

(10)

Ve, =
EV Pf—Psat(TEV,f)

Assuming ppyrso =8 MPa; - Vpyrs = 2325 m3, Ty » =
318 K (psar(318)= 9.52 kPa); Tpyrso = 673.15 K; p; =
0.15 MPa, the minimum free volume of the EV will be about
50000 m?®,

An estimation of the water mass in the EV that guarantees
the assumed temperature Tgy, , can be obtained with an



energy balance between the helium mass entering in the EV
(here assumed to be 80% of the total helium mass in the
PHTS), whose temperature drops from Tpyrg o to Tgy ¢, and
the water internal energy variation from the EV initial
conditions to the final pressure psq. (Tzy f)-

After some manipulation on the energy balance in the EV:

m,, =
PPHTS,0'VPHTS

0.8
TPHTS,0

“(cpTPHTS—CvTEV,F)+ (Psat(TEV, f)—Psat(TEV,o))'VEV

(hw,f~hw,o)

(11)

where Tpyrs is the average temperature of the PHTS during
adiabatic expansion (from Eq. (1)):

2y—1 DPpPHTS0~Pf

2y-1 2y-1
(PPHTS,O Iy — Dy /y) (12)

Toprs = TPHTS,O

Using the above data for initial and final parameters and
being y = 1.666, a water mass of about 105,000 kg is
obtained.

Therefore, a total amount of about 10° kg of cold water
(293.15 K) could be foreseen in a pool inside the EV and also
sprayed during the discharge to ensure helium cooling.

In the “wet” solution the free EV volume is less than half
the value calculated in the case of a “dry” EV.

Egs. (10) and (11) can provide very useful “starting”
values to define the EV, but they should be used with care, as
a fundamental assumption is the amount of helium mass
transferred from PHTS to EV (in the present case: 80%).
PHTS final inventory can be evaluated by the adiabatic
expansion law (about 9-10% expanding helium from 8 MPa
673.15 K to 0.15 MPa), helium mass in the VV is supposed
be of the same order of magnitude (i.e. 5%-15%), hence in
the EV will be transferred about 75%-85% of the total helium
mass.

In Table 1 the assumed reference values (with some
sensitivity values) and the obtained preliminary results are
summarized. They should be verified through a more detailed
calculation.

Table 1. Reference values and preliminary EVsize

Parameter Value

Primary HTS volume 2325 m?
Primary HTS p, T 8 MPa, 673.15 K (623.15 and 723.15 K)

Break Area 0.2 m? (0.15 and 0.25 m?)
Vacuum Vessel 2243 m?
Volume
Heat source 0 MW (5-10-15 MW)
EV “dry”  EV “wet”
Water inventory in the 0 10° kg
EV (3 10*kg and 3 10° kg)
Water temperature in N.A. 293.15K
the EV (303.15 K and 313.15 K)
EV size (base case) 120,000 m* 50,000 m’

3. EV “DRY” SOLUTION:
EVALUATION

PRESSURE PEAK

Initiator of the accident is the multiple double-ended break
of FW cooling channels. Runaway electrons generated by

plasma disruption might cause such a situation and a surface
of 10 m? of the FW (mainly EUROFER plus a tungsten liner)
is supposed to melt, with the consequent break of the
underlying cooling channels. The number of affected
channels depends on the location and shape of the melting
zone. Assuming a rectangular shape, centered on a segment
or on the equatorial modules, all the FW channels of 5 OB
modules could be affected. If the damaged zone is a circle
centered on an equatorial OB module, 3 of these modules
will be fully affected and up to 6 closest modules will be
partially affected.

The pressure dynamics inside the VV and its peak value
depend strongly on the break flow area and the capability of
relief pipes to discharge an adequate flow of helium into the
EV.

Being the channel flow area 12.5 x 12.5 mm (1.5625 10
m?), a maximum of 620 channels have been estimated to be
involved in the break, with a total discharge area (2x100%)
of about 0.2 m?. This value is used as base case in the present
calculation, and two sensitivity values (0.15 and 0.25 m? will
be adopted to check the sizing method of the relief area from
the VV.

The relief system includes two bleed lines, equipped with
Safety Relief valves (SRVs), for small flow rates, which
opens at a differential pressure of 0.09 MPa. To face large
LOCA situations, a rupture disk in the main relief pipe
separates the VV and VVPSS zones, which is assumed to
break at the differential pressure of 0.15 MPa.

In analogy with ITER, a relief pipe with a flow area of 1
m? with a rupture disk and two bleed lines (0.1 m? x 2) have
been preliminary considered to evaluate the pressure peak in
the VV.

CONSEN model includes: the VV volume (2243 m?),
simulated as a horizontal cylinder with a diameter of 7.38 m
and 52 m long, connected with the PHTS through a break of
0.2 m? and a resistance coefficient K = 5, where the cooling
helium was assumed to be at 8 MPa and an average
temperature of 673.15 K. The helium mass in the primary
heat transfer system is 13113 kg.

The relief pipe and bleed lines are 54 m long, with K = 3.5
and friction losses calculated by the code.

Valve

Rupture
Disk

Bleed
Line

Relief
Pipe

Expansion Volume

Vacuum Vessel .
Primary Heat

Transfer System

Figure 1. VVPSS geometrical model in CONSEN
calculations

The Expansion Volume is one or more cylinders
(eventually connected in parallel) whose diameter and length
are variable according to the adopted volume (120,000 m* in



the case of a “dry” EV, 50,000 m® if water is present in the
EV). Relief pipes in EV have a discharge area equal to the
pipe area. The geometrical model used in CONSEN is shown
in Figure 1.

In Figure 2 and Figure 3, the trends of pressure and
temperature are reported, for each volume, in case of an
empty Expansion Volume (“dry” case) of 120000 m?>.

The pressure peak in the VV is 911.8 kPa at 4 s after the
break. The equilibrium pressure (149.5 kPa, as expected from
Eq. (5)) is reached about after 80 s.

Temperature transient in the primary circuit follows Eq.
(1), being an adiabatic expansion of the gas. The temperature
spike in the VV at 0.1 s (1125 K) is due to the adiabatic
compression caused by the flow discharged by the high
pressure primary circuit. At the same time, the first (small)
bleed line opens, as the differential pressure of 90 kPa is
reached. At 0.19 s, the rupture disks fail, starting the
expansion in the VV and the temperature decreasing. The EV
temperature reaches its maximum value at 7 s (1014 K) and
then it is subjected to a slow reduction, due to decreasing
enthalpy in the incoming flow from VV. EV temperature
remains quite high (741 K at 120 s), as the adiabatic
compression of the gas is not counterbalanced by any
outflow, and all the enthalpy from the incoming volumes is
transformed in internal energy of the gas.

1.500

1.250

kPa

1.000 |

750 -

Pressure

500
250

Figure 2. EV “dry” solution pressure transient: total relief
area 1.2 m?

1.400 +

1.200 |
1.000 1
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600 |
400
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time, s

Figure 3. EV “dry” solution temperature transient: total relief
area 1.2 m?

The peak pressure in the VV is related to the unbalance
between inlet flow (mass and energy) from the PHTS
(proportional to the break area) and the flow discharged from
the VV (proportional to the relief area). Therefore, a
preliminary evaluation of the relief flow area, to limit the
pressure in the VV at 200 kPa, is now discussed.

A further pressure increment in the VV, after reaching the
limit value, can be avoided if at that time the energy flow
coming from the PHTS is equated by an outlet energy flow
from the VV to the EV through the relief piping:
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% =Tgri " Cp " Tpurs — Tre " Cp " Tyy (13)
where the two flow rates, at the break and at the relief
section, respectively, can be evaluated by the critical mass
velocity for an ideal gas at their own stagnation pressures and
the corresponding flow area Azrx and Az

Because gas properties and laws depend on two
thermodynamic variables (pressure and temperature), it can
be assumed, as a first attempt, that VV and PHTS
temperatures are equal and maximum pressure in the VV

should be reached when I'gpx = Iy, from which:

GBRK
GRL

Agp = Appi (14)

Therefore, given the pressures in the PHTS and VV, the
relief area is proportional to the break area. In the absence of
water in the VV, and then without the difficulties of a
multiphase flow [13], the two critical mass velocities can be
evaluated, assuming the ideal gas condition, by the law:

y+1
)4 2 \y-1
crit Po RT \y+1

where y = ¢, /c, is 1.666 for helium, R = 2078 J/kg K and po
is the pressure in the PHTS or VV, respectively. The
common temperature T is assumed to be the stagnation
temperature in the PHTS. Under the above simplifying
hypotheses, Eq. (14) reduces to:

(15)

. PPHTS
Py

(16)

Agp = Aprg

Assuming ppurs = 8 MPa and pyy , = 200 kPa, the
pressure ratio is 40. For a break area of 0.2 m?, a total relief
area of about 8 m? is therefore needed.

To verify the above value, a calculation assuming a vent
pipe of 1.5 m? and a relief pipe of 6.5 m? has been performed,
by using same model and data of the previous base
calculation.

Figures 4 and 5 show the pressure and temperature
transients in the volumes. The pressure peak in the VV is
now about 200 kPa when the rupture disk opens. The VV
temperature drops faster than in the previous case and it is
similar to the PHTS temperature. The maximum EV
temperature is now 911 K at 6 s, anticipated but lower than
the previous value.
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Figure 4. EV “dry” solution pressure transient: total relief
area 8 m?
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Figure 5. EV “dry” solution temperature transient: total relief
area 8 m?
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Figure 6. EV “dry” solution flow rates: different relief area
comparison

Figure 6 shows the flow rates between the volumes in the
two cases with different relief area. Mass flow rate trends for
“VV to EV” with larger discharge area (red) and “PHTS to
VV” (dotted) are similar, and, being the two temperatures
very similar, the initial pressure increment in the VV is
interrupted at a lower value.

4. EV “DRY” SOLUTION: SENSITIVITY ANALYSES

The parameters of the sensitivity calculations are
summarized in Table 2.

Table 2. Sensitivity analyses for the “dry” EV solution

Case Break EV PHTS Heat Total
Area volume Temp source Relief
m? m? K MW Area m?

Al 673.15

A2 0.2 120,000 623.15 0 8

A3 723.15

Bl 0.15 10

B2 025 120,000 673.15 0 6

Al 1 5

Al 2 0.2 120,000 673.15 10 8

Al 3 15

Al 1.1 02 134,000 673.15 5 8

In Figure 7 the results on the PHTS temperature sensitivity
(A1, A2, A3) are shown. As the helium inventory and density
are inversely proportional to the temperature, for an ideal gas,
no sensible changes in the pressure transients are expected, as
shown, as the flow rates and the total energy is the same in
all the three cases.
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Cases B1 and B2, where the break area is changed, show
that if the relief area is changed proportionally, the pressure
peak is the same as in the base case Al, with slight
differences in the transient evolution over time (Figure 8).

The base case Al has been evaluated considering no heat
sources in the volume. A sensitivity on the heat source effects
on the pressure transient has been performed, introducing 5,
10 or 15 MW (half in the VV and half in the PHTS). As the
added energy introduced up to the pressure peak occurs is
very low, with respect to the gas flow energy, the pressure
peak is expected to be not influenced by the heat source. It
affects the pressure increase over time, as shown in Figure 9.
Calculations are interrupted when the temperature in a
volume exceeds 1500 K, as for 10 MW and 15 MW.

To demonstrate the usefulness of Eq. (9), where a volume
increment of the EV of 16,000 m?® for each MWh added, a
further sensitivity has been done, case A1 _1.1. A heat source
of 5 MW has been introduced for 600 s (0.833 MWh) and the
EV has been increased to 134,000 m>. As shown in Fig. 10,
the pressure in the volumes after 600 s is 150 kPa, as
expected.
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Figure 7. EV “dry” solution pressure transient: PHTS
temperature sensitivity
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Figure 8. EV “dry” solution pressure transient: break area

sensitivity
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Figure 9. EV “dry” solution pressure transient: heat source
sensitivity
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Figure 10. EV “dry” solution pressure transient: heat source
sensitivity

5. EV “WET” SOLUTION: SENSITIVITY ANALYSES

In Figs. 11 and 12 are reported the results of pressure and
temperatures transient calculation in case of “wet” Expansion
Volume of 50,000 m® plus 10° kg of cold water, (base case
C1). The previously evaluated relief area of 8 m? is used.

Pressure, kPa

Figure 11. EV “wet” solution pressure transient: total relief
area 8 m?

The pressure peak in the VV is 199.1 kPa at 1.25 s after
the break. The equilibrium pressure (153 kPa, as expected
from Eq. (10)) is reached at about 29 s.

The temperature transients in the VV and PHTS are like
the “dry” solution. In the EV, the presence of saturated water
limits the temperature, allowing a similar helium mass
inventory as in the “Dry” case with a lower available volume.

Flow rates are shown in Fig. 13, and they are very similar
to the “dry” solution with the same relief area.

The performed sensitivity analyses are summarized in
Table 3, considering the “wet” solution for the EV.

1.400 .
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900 ¢
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., 700 £

& 600
& 500
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3 300
* 200

100

PHTStoVW ——VVtoEV
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Figure 13. EV “wet” solution, mass flow rates: total relief

arca

8 m?

Table 3. Sensitivity analyses for the “wet” EV solution

Case Break EV EV Water PHTS Heat Total
Area volume Temp mass Temp source Relief
m? m? K kg K MW  Area

mZ

C1 50,000 673.15

C2 0.2 54,000 293.15 10° 623.15 0 8

C3 47,000 723.15

D1 0.15 s 10

D2 025 50,000 293.15 10 673.15 0 6

C1.1 5

Cil2 02 50,000 293.15 10° 673.15 10 8

C1.3 15

Cl.4 54,000 303.15 70,300

Cl15 02 59,700 313.15 13,900 67315 0 8

Cl1.6 54,710 30,000

Cl 7 0.2 46.455 293.15 3105 673.15 0 8

The EV free volume in cases C2 and C3 has been
evaluated by Eq. (10), taking into account different initial
temperature in the PHTS. Results in Figure 14 show the good
performance of Eq. (10) in predicting the needed volume.

Case C1

- — -Case C2
...... Case C3

Figure 14. EV “wet” solution pressure transient: PHTS
temperature sensitivity

Temperature, K

Figure 12. EV “wet” solution temperature transient: total
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...... Case D1
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Figure 15. EV “wet” solution pressure transient: break area
sensitivity



As for the “dry” solution, a sensitivity on the area of the
break has been performed (Figure 15, Cases D1 and D2),
showing that with a relief area proportional to the break area
the pressure peak can be limited to the required value.

Sensitivity analysis on the heat source is shown in Figure
16. In presence of water in the EV, pressure increasing over
time is lower than in the case of a “dry” EV, but to limit the
pressure the volume should be increased as described in the
previous solution.

In Figure 17 results of the sensitivity analysis on the water
temperature in the EV (C1_4 and C1_5) are shown. The EV
size and the water inventory have been estimated as in Table
2, by Egs. (10) and (11).
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Figure 16. EV “wet” solution pressure transient: heat source
sensitivity
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Figure 17. EV “wet” solution pressure transient: initial water
temperature sensitivity

A water temperature increase at the equilibrium of 25 K
has been assumed in these cases, as in the base case,
therefore the size of the EV increases with the initial
temperature of water, and the water inventory decreases (see
Table 2). If a lower temperature increment is adopted, a
higher water mass will be obtained from Eq. (11).

The results of CONSEN calculations show that Eqs. (10)
and (11) are quite reliable and can be used for a preliminary
design.

A last sensitivity has been performed about the water
inventory in the EV. With the same EV size as in the base
case C1 (50,000 m%), if the water inventory is different from
the value obtained from Eq. (11), a different final pressure
will be reached.

In Figure 18, with the same EV size as in the base case, the
results adopting 3-10* kg and 3-10° kg of water are presented.
As expected, lower is the mass in the EV, higher is the final
pressure.

In order to obtain the required final pressure, the size of
the EV has to be changed: decreased if the water inventory is
high, and increased if the water inventory will be lower than
the “optimum” value.
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In Fig. 19 this is demonstrated: different sizes of the EV
have been assumed (iterating between Egs. (10) and (11),
with different final temperatures in the EV) to reach the same
final pressure with the two water inventories 3-10* kg (EV
free volume 54710 m®) and 3-10° kg (EV free volume 46455
m?).

220 ¢
; —— MW = 100000 kg ]
200 - - = -MW = 30000 kg T
Swo ft MW = 300000 kg
g
§ 160
L 140
a

120

100

Figure 18. EV “wet” solution pressure transient: water
inventory sensitivity at constant EV size
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Figure 19. EV “wet” solution pressure transient: water
inventory sensitivity for different EV sizes

6. CONCLUSIONS

A methodology for a preliminary evaluation of the
Expansion Volume and the relief pipes size, for a VVPSS to
be adopted in a fusion reactor based on a Helium-cooled
blanket, has been presented. The size of the EV depends on
the total energy of the PHTS and it can be sized on the basis
of a required final pressure at equilibrium, using simple
energy balances. Two solutions have been analysed for the
EV: a “dry” solution and a “wet” solution, where the use of
cold water could greatly reduce the size of the volume and
also better accommodate eventual heat sources.

In order to design a “dry” EV, Eq. (5) can be used, if no
heat sources are present. If a heat source is considered, Eq. (8)
could provide an estimated value of the volume for a given
energy introduced. For the assumed conditions of the PHTS
(2325 m?3, pressure 8 MPa, temperature 673.15 K) and a
volume of the VV = 2243 m?, without heat sources, a volume
of 120,000 m® for the EV is needed. If heat sources are
present, an additional volume of 16,000 m® per introduced
MWh is a good estimation.

In “wet” EV solution, Egs. (10) and (11) will provide the
minimum free volume and the minimum amount of cold
water to be used. In the above base case conditions, with
water at 293.15 K, the minimum free volume and water
inventory are 50,000 m?® and 10° kg, respectively. The Egs.
(10) and (11) provide values for different initial conditions.



Tables 2 and 3 summarize all the sensitivity analyses
performed. In both cases, the total relief area between the VV
and the EV is proportional to the break area and pressure of
the PHTS. Eq (16) can estimate the minimum relief area to
be adopted to limit the VV pressure at the required value
(200 kPa). For a break area of 0.2 m?, a total relief area of 8
m? has been evaluated in the PHTS conditions previously
described.

The results obtained from a parametric study, using the
computer code CONSEN, are in good agreement with the
adopted methodology. Therefore, this can be useful to
provide a first approximation of the system size, but the
provided results have to be intended just as an indication in
absence of reliable input data.
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NOMENCLATURE

A flow area, m?

Cp specific heat at constant p, J.kg-1.K-1

Cv specific heat at constant v, J.kg-1.K-1

E internal energy, J

G mass velocity, kg.m-2.s-1

h specific enthalpy, J.kg-1

m mass, kg

M molecular mass, kg.kmol-1

p pressure, Pa

0 heat source, W

t time, s

T temperature, K

u specific internal energy, J.kg-1

v specific volume, m3.kg-1

v volume, m®

X quality, -

Greek symbols

r mass flow rate, kg.s-1
V4 Cp/ Cy, -

Subscripts

BRK break

crit critical

EV Expansion VVolume
PHTS Primary Heat Transfer System
RL relief

A% Vacuum Vessel

He helium

| liquid

sat saturation

v steam

w water

0 initial state

f final state
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