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Tis paper summarises the results of an experimental campaign carried out at SIET on the ELSMOR facility built in 2022 to
validate a decay heat removal system for the E-SMR. Based on the passive mechanisms of natural circulation, the system aims to
dissipate the reactor decay heat to a water pool, using two heat exchangers: a plate-type one coupling the primary side to the
secondary side, and a vertical tube one coupling the secondary side to the water pool. Such a system is considered to be the most
efective passive system, capable of safely managing the SMR accident and accidental situations, and achieving long-term decay
heat removal without the need for electricity or external inputs. A description of the primary and secondary loops of the plant is
given, together with the installed instrumentation and data acquisition system. In addition, the paper summarises the tests
performed in terms of test procedures, test type and associated objectives, test matrix, test results, achievements, and open issues.

1. Introduction

Te ELSMOR (towards European Licensing of Small
MOdular Reactors) project aims to provide European
stakeholders with methods and tools to assess and verify the
safety of Light Water Small Modular Reactors (LW-SMR) to
be deployed in Europe [1, 2]. Te Work Package 3 of the
project deals with the SMR cooling safety functions with
a special focus on integral SMRs. In particular, Task 3.3 is
dedicated to the demonstration of a methodology for the
experimental evaluation of passive safety systems on the
prototypical passive Decay Heat Removal System (DHRS) of
the E-SMR reference design. It is also dedicated to the
collection of experimental data for thermal-hydraulic code
validation.

Te activity started with the identifcation of a Sepa-
rate Efect Test Facility (SET) as the most appropriate to
investigate the E-SMR DHRS with three main objectives:
(1) to show the way to carry out an experimental campaign

to the European regulatory body called to certify SMRs in
Europe; (2) to test a passive decay heat removal system
based on a compact plate-type heat exchanger included in
a natural circulation loop that dissipates heat into a water
pool; (3) to validate diferent codes in pre-test and post-
test analyses.

Te use of a plate-type heat exchanger in an integral SMR
has the advantage of large power transfer in an extremely
compact confguration, but as this is the frst time this type of
heat exchanger has been proposed as part of a civil nuclear
power plant, it requires extensive experimentation prior to
application for licensing.

In general, the design of an installation starts with
a technical specifcation that indicates (1) the objective of the
test; (2) the scaling factors (e.g. height, volume, power); (3)
the phenomena of interest to be reproduced and studied in
the facility; (4) the required characteristics of the in-
strumentation and data acquisition system (e.g. accuracy,
sampling frequency, etc.); (5) the test matrix.

Hindawi
Science and Technology of Nuclear Installations
Volume 2023, Article ID 6672504, 16 pages
https://doi.org/10.1155/2023/6672504

https://orcid.org/0000-0003-0319-0172
mailto:ferri@siet.it
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/6672504


In the ELSMOR project, the requirements were pro-
vided by other partners working on the E-SMR design,
which made it possible to defne the scaling factors for the
facility and the characteristics of the two heat exchangers
to be installed [3]. A commercial plate heat exchanger was
selected to meet the specifed power and pressure drops,
and a vertical tube heat exchanger with suitable charac-
teristics was available at SIET from other research [4–7].
Te choice of instrumentation and DAS characteristics
was based on the phenomena to be detected and the re-
quired accuracy. Te design of the piping and components
was supported by RELAP5 calculations carried out by
ENEA, which allowed the geometric layout of the loops to
be fnalised [8].

Once designed, the ELSMOR facility was constructed
and connected to the ancillary infrastructure available at
SIET to provide water and power. Te plant was then
commissioned with a series of tests to verify the functionality
of the loops, the instrumentation, and the DAS software.

An experimental campaign was carried out to investigate
the efect of various parameters on the stability of the fuid
circulation and heat transfer capabilities.

Te experimental results demonstrated the efectiveness
of the plate heat exchanger in the removal of residual heat
and identifed a range of parameters characterising the most
efective operating conditions of the system.

A set of qualifed data was made available to the ELS-
MOR project partners for post-test analyses to be performed
with several codes, an activity carried out within other tasks
of the same project [9].

2. The ELSMOR Facility

Te ELSMOR plant simulates the DHRS of the E-SMR,
where a plate type HX, i.e., Safety-Compact SteamGenerator
(S-CSG), couples a circuit at the thermohydraulic conditions
of the reactor (primary side) to a natural circulation loop
(secondary side), which is sufcient to dissipate the decay
heat into a water pool by means of a vertical tube HX. Te
power/volume scaling factor is 1 : 50, and the height factor is
1 :1. A simplifed scheme of the plant is shown in Figure 1,
and a view of the circuits is shown in Figure 2 [10]. Fig-
ures 3–5 show the installed piping and components.

Te ELSMOR loop is connected to existing auxiliary
systems at SIET (serving the GEST plant), which are suf-
cient for water supply and drainage, water circulation,
heating, and pressurisation of the loops.

Te design conditions of the plant are:

Primary side pressure 13MPa and temperature 330 °C
Secondary side pressure 10MPa and temperature 310 °C
Power 1MW

Te primary side of the ELSMOR test facility can be
operated in both single-phase and two-phase conditions. In
single-phase liquid mode, water is circulated by the primary
pump through the S-CSG bypass and split partly into the
S-CSG and partly back to the pump by means of a suitably
sized fow restrictor; in two-phase mode, the water and

steam mixture exiting the electric heater enters the steam-
water separator (fow restrictor removed) and, by gravity,
water returns to the pump and steam enters the S-CSG. In
single phase, the pressure is controlled by a feed and bleed
method which injects and extracts water from the pres-
suriser according to the specifed test conditions; in two
phase, when the specifed pressure is reached per feed and
bleed, saturation conditions are achieved at the outlet of the
electric heater by controlling the supplied power and
primary fow.

Te secondary side operates in two-phase natural cir-
culation, driven by the heat supplied by the S-CSG (primary
side) and dissipated in the water tank (heat sink) containing
the submerged vertical tube heat exchanger. Te pressure
conditions that occur in the secondary side depend on the
heat transfer from the primary side and the amount of water
stored in the loop (flling ratio) for the specifc test.

Te S-CSG is a commercial TEMPCO plate heat ex-
changer, model TCBC2102H∗130, consisting of 130 plates
with a 45° chevron angle (90° angle between channels),
Figure 6.

Te in-pool HX consists of fve vertical tubes, 2″ OD,
approximately 2m long, with cylindrical headers at the top
and bottom, Figure 7.

Te pool is a vertical cylinder, approximately 1m in
diameter and 5.5m high, which houses the HX vertical tube.
It is equipped with a water supply and drainage system to
control the water level during transients.Te basin is open to
the atmosphere.

From the point of view of the ELSMOR test, the primary
side pipes of interest are those between the steam-water
separator and the S-CSG, identifed as the primary side hot
and cold legs (PS HL and PS CL), and those between the
S-CSG and the in-poll HX, identifed as the secondary side
hot and cold legs (SS HL and SS CL), Figure 1.

All pipework and components of the plant are thermally
insulated with mineral rockwool, overlaid with aluminium
cladding to limit heat losses to the environment.

Te plant is equipped with three main valves, sufcient
to initiate natural circulation on the secondary side (V3) and
to adjust the pressure drop in the loops (V1 and V2),
Figure 1. Orifces are installed on both the primary and
secondary cold legs to measure the fows through the S-CSG.

3. Instrumentation and Data
Acquisition System

Te instrumentation installed in the ELSMOR plant consists
of eight relative pressure sensors, twenty-fve diferential
pressure sensors, one hundred resistance temperature de-
tectors (Pt100), and twenty thermocouples (TcK), together
with shunts, current, and voltage meters sufcient to provide
auxiliary indications of the electrical power supplied to the
heater and other signals mainly dedicated to the manage-
ment of the plant. All instruments are calibrated in the SIET
laboratory, and calibration constants are entered into the
Data Acquisition System (DAS) software to reduce mea-
surement uncertainty.
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Instruments are installed along the piping and on the
components with particular attention to the inlet and outlet
of the S-CSG, both primary and secondary.

Te HX vertical tube is equipped with fuid and wall
temperature sensors at various heights, as is the pool, which
houses approximately 80 RTDs at various heights and radii
to form a three-dimensional grid, primarily for CFD code
validation. Te RTDs in the pool are shown in Figure 8.

Te data acquisition system consists of data acquisition
cards connected directly to the cables of the instruments in
the feld, which, after performing the analogue-to-digital
conversion, transmit the signals via Ethernet to the main
DAS computer, which records the voltages and converts
them into engineering (e.g., instrument pressure, diferential
pressure, etc.) and derived quantities (e.g., mass fow rates,
enthalpies, power, etc.), Figure 9.

3.1. Estimation of the Uncertainty of Measured and Derived
Quantities. An estimation of the measurement uncertainty
of direct and engineering quantities is made on the basis of
uncertainty propagation according to UNI CEI ENV 13005
[11] and UNI CEI 70099 [12] standards, with criteria and
assumptions evaluated on a case-by-case basis. All contri-
butions to the expanded uncertainty are taken into account,
starting from the calibration uncertainty, the uncertainty of
the installation position, the uncertainty of the water table,
the uncertainty propagation according to the correlations
that provide the derived quantities (e.g., levels, mass fows,
power, etc.). A coverage factor k� 2 is applied to the esti-
mated uncertainty value, which represents the probability

that the set of true values of the measured quantity lies
within the uncertainty range with a confdence level of 95%.

A summary of the estimated uncertainties for the main
quantities is given in Table 1.

3.2. Test Matrix and Test Procedures. Te test matrix per-
formed includes seven groups of tests (A to G), each con-
sisting of a certain number of steady states for a total of
eighty-one steady state points together with transitions in
between.

It includes

(1) Tests at diferent primary side temperatures;
(2) Tests at diferent secondary flling ratios (natural

circulation loop) (the flling ratio (F.R.) is defned as
the ratio between the mass present in the secondary
side after mass extraction and the initial (full) mass,
corresponding to 125 kg. Tis value includes the
mass of water in the discharge line from the ex-
traction point to the weighing system (∼5 kg));

(3) Tests with diferent amounts of noncondensable gas
injected into the secondary side;

(4) Tests with diferent pressure drops in the cold leg of
the secondary side (setting of valve V2, Figure 1);

(5) Tests with diferent pressure drops in the hot leg of
the primary side (setting of valve V1, Figure 1);

(6) Tests with diferent levels in the HX pool;
(7) Tests with diferent temperatures in the HX pool;
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Figure 1: Simplifed scheme of the ELSMOR facility.
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(8) Tests with two-phase conditions in the primary side
(steam to S-CSG inlet after mixture separation in the
steam-water separator).

3.3. Test Procedure for Single-Phase Tests. Te two types of
tests, single-phase and two-phase primary fow, are carried
out according to the corresponding test procedures, which
are summarised as follows and are useful for steady state and
transient analysis.

With reference to Figure 1:

(1) Fill the primary and secondary sides with cold water
and vent air from the loops;

(2) Fill the instrument pressure lines with cold water
and check the P and DP instruments for hydro-
zero;

(3) Close the secondary side valve V3;
(4) Set the specifed secondary side fll ratio by taking

water and weighing it;

(5) Adjust the primary pressure drop by setting valve
V1 on the HL to the specifed opening turns;

(6) Adjust the secondary pressure drop by setting valve
V2 on the CL to the specifed opening turns;

(7) Start primary side circulation using the primary
pump;

(8) Heat the primary side by the electric heater to less
than 2.5 °C/min;

(9) Control the primary side pressure in automatic
mode based on the PRZ pressure signal (feed and
bleed method);

(10) When the specifed primary side temperature is
reached, vacuum the secondary side using the
vacuum pump. Achieve a vacuum of approx.
0.05MPa;

(11) Adjust the primary fow rate to match the specifed
fow through the S-CSG;

(12) Start the test by opening the valve V3;
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Figure 2: View of the main loops of the ELSMOR plant.
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(13) Wait for natural circulation to begin;
(14) Wait for steady-state conditions to be reached and

maintain parameter constants for approximately
300 s. Te average values over this time period
represent the conditions for the steady-state points
of the test matrix;

(15) Change the required parameters (e.g., primary side
temperature) and wait for new steady-state
conditions;

(16) Change another parameter (e.g., flling ratio or
noncondensable gas injection) and wait for new
steady-state conditions;

(17) When all specifed parameters have been explored,
stop the test: switch of power to the electric heater,
stop the primary pump, and stop the primary feed
pump and all auxiliary systems.

3.4. Test Procedure for Two-Phase Tests. With reference to
Figure 1, for tests on the primary side in two-phase con-
ditions: remove the fow restrictor in the steam-water sep-
arator; set V1 (primary side HL) and V2 (secondary side CL)
fully open.
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Proceed as for single-phase tests until the system has
warmed up with primary side fow higher than specifed;

(i) Control the primary side pressure in manual mode
from the PRZ pressure signal (feed and bleed
method);

(ii) Maintain the primary side temperature at the
specifed value by controlling the power supplied
to the electric heater;

(iii) When the specifed primary side temperature is
reached, vacuum the secondary side using the
vacuum pump. A vacuum of about 0.05MPa
should be achieved;

(iv) When saturation conditions are reached at the
primary side, reduce the fow rate to get two-phase
conditions at the outlet of the electric heater and
reduce the water level in the steam-water
separator;

(v) Reduce the water level in the steam-water sepa-
rator by controlling the PRZ bleed;

(vi) Control and maintain the separator level so that
the primary side of the S-CSG is empty of water
and full of steam;

(vii) When conditions are stable, start the test by
opening the trigger valve V3;

(viii) Wait for natural circulation to start;
(ix) As the separator level rises, reduce the primary

fow rate until the S-CSG is uncovered;
(x) Wait for steady-state conditions to be reached and

maintain parameter constants for approximately
300 s. Te average values over this time period
represent the steady-state points of the test matrix;

(xi) Change the secondary side flling ratio and wait for
new steady conditions;

(xii) When all specifed flling ratios have been ex-
plored, stop the test: switch of the power to the
electric heater, stop the primary pump, and stop
the primary feed pump and all auxiliary systems.

3.5. Test Performed. Seven sets of tests are carried out to
investigate the efect of diferent parameters on natural
circulation and heat transfer.

Figure 6: S-CSG before installation.

Figure 7: Pool and in-pool HX before installation.

RTDs

Figure 8: Pool temperature sensors.

Figure 9: Card cabling in the DAS frame.
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3.5.1. Group G Tests. Te tests of group G (frst in order of
execution) provide information on the behaviour of the
system without non-condensable gas on the secondary side,
with decreasing F.R. (32.08 to 21.07%), with diferent pri-
mary side temperatures (250 to 310 °C), and with reduced
level in the pool.

3.5.2. Group A Tests. TeGroup A tests provide information
on the behaviour of the system in the presence of a fxed
quantity of non-condensable gas on the secondary side since
the start of the transient (288.13 Nl of air), at constant F.R.
(20%), at diferent primary side temperatures (260 to
320 °C), and at a reduced level in the pool.

3.5.3. Group B Tests. Te Group B tests provide information
on the behaviour of the system without non-condensable gas
on the secondary side, with decreasing F.R. (15.2 to 11.9%)
until destabilisation of the circuit, with increasing F.R. (15.9
to 16.32%) until restabilisation, with decreasing F.R. (16.32
to 14.39%) until destabilisation at constant primary side
temperature (320 °C), at a high level in the pool.

3.5.4. Group C Tests. TeGroup C tests provide information
on the behaviour of the system with the V1 valve on the
primary side partialised with an increasing quantity of non-
condensable gas on the secondary side (0 to 1402.21 Nl of
N2) at constant F.R. (31.20%) and constant primary side
temperature (320 °C). Once the maximum quantity of
noncondensable gas injected has been reached, it is tested at
decreasing F.R. (31.20 to 20.40%).

3.5.5. Group DTests. TeGroupD tests provide information
on the system behaviour with valve V1 partialised on the
primary side, without non-condensable gas on the secondary
side, with decreasing F.R. (60.16 to 14.08%) up to the
destabilisation of the circuit, with increasing F.R. (14.08 to
18.16%) up to the restabilisation at a constant high primary
side temperature (310°C).

Once the cycle is restabilised and the F.R. is increased to
30%, the system behaviour is explored by decreasing F.R. (30
to 15.44%) until cycle destabilisation, with increasing F.R.
(15.44 to 16.91%) until restabilisation at constant low pri-
mary side temperature (260 °C).

3.5.6. Group E Tests. Te Group E tests provide information
on the behaviour of the system with valve V1 on the primary
side and valve V2 on the secondary side partialised (the
secondary side V2 valve is 10/12 turns open corresponding
to CV ∼5.7 over a full opening CV of 47.1), without non-
condensable gas on the secondary side, with decreasing F.R.
(30.64 to 14.34%) until the system is destabilised, with in-
creasing F.R. (14.34 to 16.17%) until restabilisation at
constant primary side temperature (310 °C).

Once the system has been stabilised and the F.R. has been
increased to 30.65%, the system behaviour is studied by
increasing the closure of valve V2 (10/12 turns open to full
closure) and returning to the initial position (10/12 turns
open) with destabilisation and circulation stopping followed
by system restabilisation at a constant F.R. (30.65%) and at
a constant primary temperature (310 °C).

3.5.7. Group F Tests. Te Group F tests provide information
on the behaviour of the system with the primary side in two-
phase conditions, i.e., with low level in the steam-water
separator and steam in condensation in the S-CSG primary
side, without non-condensable gas in the secondary circuit,
with decreasing F.R. (39.2 to 20%) and at constant primary
side temperature (310 °C).

3.6. Description of the Results of a Test. Te test described has
been chosen because it is one of the most representative for
demonstrating the functionality of the system and because it
highlights the main phenomena occurring in the loop for the
majority of the tests carried out. It consists of a sequence of
two consecutive and contiguous tests named ELS-
MOR_00099 and 00100 (details of all the test results are

Table 1: Estimated measurement uncertainties for the main ELSMOR data.

Quantity Variable Units Measure Expanded uncertainty U (%)
Primary side pressure P_001 MPa 11.92 0.01 0.1
Secondary side pressure P_003 MPa 6.45 0.01 0.2
S-CSG primary side diferential pressure DP_021 kPa 22.26 0.03 0.1
S-CSG secondary side diferential pressure DP_020 kPa 6.21 0.04 0.6
S-CSG primary side inlet temperature TF_074 °C 310.9 0.15 0.0
S-CSG primary side outlet temperature TF_075 °C 281.7 0.15 0.1
S-CSG secondary side inlet temperature TF_070 °C 266.3 0.15 0.1
S-CSG secondary side outlet temperature TF_071 °C 280.3 0.15 0.1
Vertical tube HX inlet temperature TF_072 °C 280.3 0.15 0.1
Vertical tube HX outlet temperature TF_068 °C 70.2 0.12 0.2
Pool water level L_001 m 4.01 0.06 1.4
Pool water mass M_001 kg 3008 39 1.3
Pool water average temperature T_ave °C 99.6 2.8 2.8
S-CSG primary side fowrate F_011 kg/s 3.576 0.171 4.8
S-CSG secondary side fowrate F_007 kg/s 0.555 0.007 1.3
PS S-CSG power W_CSG kW 575 30 5.2
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given in [10]). Each test is carried out after the primary side
has been heated to the specifed conditions, and the flling
ratio and vacuum have been achieved in the secondary side.
Te opening of trigger valve V3 starts the natural circulation
and heat transfer from the primary to the secondary circuit.
Te sequence of events is shown in Table 2, while the values
of the main parameters in steady state are summarised in
Table 3.

Figures 10(a), 10(b), 11(a), and 11(b) show the evolution
of the pressure and fow rate of the natural circulation loop.
At the start of the system, both increase and then decrease
slightly with each withdrawal of water from the loop to
reduce the flling ratio. Te sudden drop in pressure and the
interruption of the circulation show the destabilisation of the
system at F.R. ∼15%, followed by a strongly oscillating fow
rate until the circulation is stabilised again after several water
injections up to F.R. ∼18%.

Figures 12(a), 12(b), 13(a), and 13(b) show the evolution
of the water level in the pool and the power transmitted by
the S-CSG (power is estimated by an enthalpy balance be-
tween the inlet and outlet of the primary side of the S-CSG,
at the measured pressure, temperature, and fowrate). Te
decrease in the level is due to the boiling of the pool water for
heat rejection through the vertical tube heat exchanger. Te
increase in the level is due to water make-up to avoid
uncovering the heat exchanger. Te exchanged power in-
creases as the F.R. decreases to reach a stable value around
600 kW at F.R. ∼35%. Te power drops when the system
destabilises, but despite the instability, ∼200 kW continues to
be rejected to the pool.

Figure 14 shows the evolution of the secondary side fow
vs. F.R. around the instability zone. Two curves are shown:
the blue one is the fow rate at decreasing F.R. and the yellow
one is at increasing F.R. Te destabilisation of the system
occurs with a strong reduction of the secondary side pressure
and strong oscillations of the fow rate at F.R. around 15%,
while at increasing F.R., it restabilises around 18%, showing
a hysteresis in the process.

4. Summary of Results

Te results of the tests carried out on the ELSMOR plant
have made it possible to verify the efectiveness of the in-
novative E-SMR passive heat removal system with a plate
HX in a reduced-height loop under diferent operating
conditions and to explore the range of parameters that make
the circulation stable or unstable. In general, the operation of
the system is stable and efective, and when an unstable
circulation occurs at very low F.R. (<15%), a certain amount
of heat removal is still guaranteed.

Te functional characteristics of the system are described
as follows based on the infuence of various parameters.

4.1. Filling Ratio Impact. Te flling ratio of the secondary
side is a fundamental parameter that greatly infuences the
natural circulation and heat transfer from the primary side.

Filling ratios ranging from 60 to 14% have been studied,
and the following conclusions have been drawn:

High flling ratios lead to high pressure conditions on the
secondary side, which can be dangerous for the integrity of
the system and must be avoided (F.R. ∼50÷ 60%).

Te system shows a stable circulation with an in-
termediate flling ratio (40÷ 20%).

Te circulation becomes unstable at low F.R. levels
(14÷15%).

Te circulation shows hysteresis, i.e., if the F.R. is re-
duced, the circulation becomes unstable, and if the F.R. is
increased from unstable conditions, it becomes stable at an
F.R. value higher than the destabilisation value.

4.2. Primary Side Temperature Impact. Te primary side
temperature afects the heat transfer rate between the pri-
mary and secondary sides.

PS temperatures ranging from 260 to 320 °C have been
investigated, representative of the diferent reactor primary
side conditions, e.g., during a LOCA.

In general, the system has shown stable operation at the
diferent primary side temperatures tested.

4.3. Primary Side Pressure Impact. For single-phase primary
side tests, the primary side pressure has a negligible efect on
the system behaviour and is set to values sufcient to fx the
specifed temperature.

For tests in two-phase conditions on the primary side,
the pressure is strictly related to the temperature, which
drives the heat transfer.

4.4. Primary Side FlowRate Impact. In single-phase tests, the
primary fow rate through the S-CSG is determined by
balancing the pressure drop between the hot leg (through
valve V1) and the steam-water separator tank through the
fow restrictor.

Primary side fow rates in the range of 3 to 4 kg/s have
been investigated. Te heat transfer increases as the fow rate
increases, but so does the pressure drop. Considering that
there is natural circulation in the reactor, both on the primary
and secondary sides of the S-CSG, tests were carried out
around the fow rate specifed for the mock-up of 3.4 kg/s.

4.5. Pool Temperature Impact. Te water temperature in the
pool afects the condensation rate in the vertical tube heat
exchanger: the lower the temperature, the greater the heat
transfer.

Pool temperatures ranging from 10 to 100 °C have been
studied.

In most tests, water stratifcation was observed, with
colder water at the bottom and hotter water at the top. One
of the factors that increases stratifcation in these tests is
the replenishment of the pool with cold water from the
bottom to keep the level sufciently high as mass is lost to
evaporation at the top. Details of the temperature strat-
ifcation are not highlighted in this paper as they are
beyond the scope of demonstrating the functionality of the
system.
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4.6. Pool Level Impact. Te water level in the pool afects the
condensation rate in the vertical tube heat exchanger: the
lower the level, the lower the heat transfer.

Pool levels ranging from 4.5 to 2m have been studied,
but many tests have been carried out at high levels, i.e., with
the HX fully covered.

4.7. Secondary Side Cold Leg Pressure Drop Impact. Te
pressure drops on the secondary cold leg (between the in-
pool HX outlet and the S-CSG inlet) afect the natural
circulation in the loop. Te pressure drops can be adjusted
by gradually closing the manual valve V2. Most tests have
been carried out with the valve fully open, while some tests
have been carried out with the valve only 10/12 turns open.
At such a position, a minimum efect on the natural cir-
culation and heat transfer rate is observed. At a constant
valve position, the greatest infuence on the circulation is
given by the flling ratio.

Subsequent valve positions were tested from 10/12 turns
open to fully closed and back to 10/12 turns open. A
destabilisation of the circulation was only observed at the
minimum valve opening (1/12 turn open), with a rapid
restabilisation on reopening the valve.

4.8. Secondary Side Non-condensable Gas Impact. Te
presence of non-condensable gas (air or nitrogen) on the
secondary side only afects the natural circulation and heat
transfer at high injection rates (∼1000 Nl) until the sec-
ondary F.R. remains above 20%. Te non-condensable gas
accumulates in the lower header of the in-pool HX until it
accumulates in the tubes.Temore gas present, the lower the
outlet temperature of the in-pool HX and the lower the
quality at the outlet of the S-CSG. Te efect on heat transfer
is small until the flling ratio is high enough to prevent gas
from reaching the S-CSG.

Non-condensable quantities from 0 to 1400 Nl have been
tested.

4.9. Primary Side Two-Phase Conditions’ Impact. Te ability
of the system to operate with steam on the primary side of
the S-CSG (representative of reactor conditions in an ad-
vanced phase of a LOCA transient, with primary mass lost to
uncover the S-CSG) has been verifed by maintaining the
steam-water separator level below the lowest connection of
the S-CSG. Tis mode of operation is representative of
a natural circulation of steam in the primary side of the S-
CSG, which sucks in as much steam as it can condense,
cooled by water circulating in the secondary side. An esti-
mate of the transferred power with two-phase conditions on
both the primary and secondary sides can be made by as-
suming that dry saturated steam enters the primary side of
the S-CSG (while the quality at the secondary side S-CSG
outlet is unknown). A similar estimate can be obtained by an
energy balance at the pool (water temperature increase and
level decrease for evaporation). In any case, the relatively
high power transferred confrms the good performance of
the system.

4.10. Aggregated Data. Te steady-state data, as averages of
parameters at steady time intervals, have been collected and
observed in an aggregated manner in order to provide some
general indications of the behaviour of the S-CSG with
variation of specifc parameters.

Figure 15 shows that the secondary side pressure in-
creases with increasing F.R. and with increasing primary side
temperature.

Figure 16 shows that the degree of subcooling at the
secondary side S-CSG inlet increases with increasing F.R.,
but it is slightly afected by increasing primary side
temperature.

Figure 17 shows that the secondary side fow rate in-
creases with increasing F.R., but it is slightly afected by
increasing primary side temperature.

Figure 18 shows that the secondary fow rate decreases
with increasing amount of noncondensable gas in the SS, but
the decrease is noticeable at large amounts.

0 2000 4000
Time (s)

6000 8000

10
9
8
7
6
5
4
3
2
1
0

Pr
es

su
re

 (M
Pa

)

Water extraction
and F.R. decrease

P_003

0 2000 4000
Time (s)

6000 8000

10
9
8
7
6
5
4
3
2
1
0

Pr
es

su
re

 (M
Pa

)

Water extraction
and F.R. decrease System

re-stabilisation

System
destabilisation

Water injection
and F.R. increase

P_003
(a) (b)

Figure 10: (a, b) Secondary side pressure.
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Figure 11: (a, b) Secondary side fow rate.
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Figure 12: (a, b) Pool level.
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Figure 18: Secondary side fow rate versus noncondensable gas injected at diferent F.R.
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Figure 19: S-CSG power versus F.R. at diferent primary side temperatures.
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Figure 19 shows that the power transferred by the S-CSG
increases with increasing F.R. and with increasing primary
side temperature (at least for F.R. between 15 and 30%) and
decreases for higher F.R. (tests performed at a single
temperature).

4.11. Criticality andOpen Items. Te results of the ELSMOR
experimental campaign, apart from demonstrating the ef-
fectiveness of the investigated innovative DHRS, show that
further points should be investigated to provide a more
complete set of information for both system design and code
validation. In particular,

(i) Circulation instabilities and how they are afected by
diferent parameters such as the water level in the
cold leg of the secondary side in correspondence of
the vertical tube at the HX outlet, injected or re-
sidual noncondensable gas, etc.;

(ii) Heat transfer from the primary side in two-phase
conditions at the S-CSG inlet. A limited number of
tests were carried out in this campaign, and an
extension of the database is planned;

(iii) Heat transfer degradation and clogging with non-
condensable gas injected into the primary side to
investigate conditions representative of the reactor
primary side;

(iv) Heat transfer between the vertical tube HX and the
pool, mainly for code validation and estimation of
heat transfer coefcients;

(v) Diferent steam generator designs to be installed in
place of the S-CSG with possible loop piping up-
grades for database and code validation.

5. Conclusions

With regard to the E-SMR, the experimental campaign at the
ELSMOR facility at the SIET Laboratories in Piacenza, Italy,
was successfully completed to verify the efectiveness of an
innovative passive heat removal system based on a natural
circulation loop that includes a plate heat exchanger and
a vertical tube heat exchanger that dissipates the decay heat
to a water pool.

Eighty-one steady-state test points were acquired, to-
gether with transient conditions essential for characterising
the system and validating the thermal-hydraulic computer
codes in diferent tasks of the ELSMOR project. In partic-
ular, tests were carried out on the primary side in single-
phase and two-phase conditions.

Te results showed that the system is efective and stable
in its operation, except for very low flling ratios on the
secondary side, which lead to unstable conditions and
a sharp reduction in heat removal. A range of intermediate
flling ratio values (20÷ 40%) was identifed for the stable
operation of the system.

Te small efect of the non-condensable gas in the
secondary on the system operation was demonstrated, as
well as the small efect of the increased pressure drop in the
secondary cold leg.

A set of experimental data will be made available to the
ELSMOR project partners for post-test analysis and code
validation.

Te European stakeholders have a demonstration that
the experimental activity is a fundamental means to assess
and verify the innovative safety systems of SMRs to be
certifed and built in Europe.

Nomenclature

CFD: Computational fuid dynamics
DAS: Data acquisition system
DHRS: Decay heat removal system
ELSMOR: Toward European licensing of small modular

reactors
E-SMR: European small modular reactor
F.R.: Filling ratio
HX: Heat exchanger
OD: Outer diameter
PS: Primary side
PS CL: Primary side cold leg
PS HL: Primary side hot leg
PRZ: Pressuriser
RTD: Resistance temperature detector
SMR: Small modular reactor
SS: Secondary side
SS CL: Secondary side cold leg
SS HL: Secondary side hot leg
TcK: Termocouple K-type
WP: Work package.

Data Availability

All the test data are restricted to the partners of the ELSMOR
consortium. Te data of the tests described in this paper are
made public and can be accessed at https://sietpc.sharepoint.
com/:f:/s/ELSMOR/EptQjz2php1GrpUocuKFnDsBmr4N
XWW5gjSgRya74DqWAQ?e=b8nGdr. Note: the public excel
fle has big dimensions. Please download the fle before
opening it. For more information on the ELSMOR project,
please visit https://cordis.europa.eu/project/id/847553.
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