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Abstract

This paper describes the first steps of the realization of a natural circulation loop cooled by supercritical water. The thermal
hydraulics of supercritical water is not fully understood. The thermal hydraulic phenomenon in the loop is intended to be measured
by thermocouples, absolute and differential pressure transducers, flow meter and simultaneously visualized by dynamic neutron
radiography techniques. The structure of the loop, the measurement techniques applied and the data acquisition system will be
presented in details.
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1. Introduction

The supercritical water (SCW) as working fluid is widely used in the technical life for example during supercritical
water extraction or oxidation technologies [1], in supercritical fossil fired boilers, etc. Because of the advantageous
thermal features of this fluid, it has been considered as a possible coolant for advanced nuclear reactors. In the 1960’s
and 1970’s very intensive research has been done for Supercritical Water pressure cooled Reactor SCWRs [2], [3], [4],
[51, [6], [7], then a twenty years long pause came. At the beginning of 1990’s the interest for SCWR has resuscitated
and extensive research has started in Europe, U.S., Canada, Russia, Japan, South Korea, China, etc. The SCWR [8] is
one of the six worldwide developed Generation IV [9] nuclear reactor concepts. The specialty of the SCWR concept is
that the pressure of the coolant (light water) is higher (25 MPa) than its critical value (22.1 MPa), and the outlet water
temperature of the reactor is well above (500°C) the critical temperature (374°C). The concept is based on the design
of present Light Water Reactors and the commercial supercritical — ultra supercritical boilers. Whereas the two above
mentioned technical bases currently are in daily use, there are unresolved challenges and questions about the SCWR
concept. For example: need of new high temperature resistance structural materials [10], questionable role of the
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hyper-compressibility at supercritical conditions [11], and the specific heat transfer regimes: normal, enhanced,
deteriorated and regenerated heat transfer under certain supercritical conditions [12], [3], [6] and [13]. This ongoing
research investigates the different heat transfer regimes assisted by combined measurement techniques of temperature,
pressure, mass flow rate (conventional) and dynamic neutron radiography (for simultaneous visualization).

In this research the authors have been dealing with the study of the properties of SCW since 2005 at the Dynamic
Radiography Station (DRS) of the Budapest research reactor (10 MW) [14], [15]. Indeed, the main interest of
supercritical water is that its density can be controlled between gas-like and liquid-like values by varying its pressure
and temperature. The Dynamic Neutron Radiography (DNR) has given a possibility to observe the changing of the
density of the water in extreme conditions [23]. Firstly, a special sample holder (GR-5H) was designed from titanium
alloy with full-length heating system, see Fig. 1. Flow did not occurred in this sample holder but the transition from
sub-critical state to supercritical state could be demonstrated and visualized [15].

Full-length
icating system

Fig. 1. (A -D). Production of the super critical water for the uniform temperature distribution [15], which was measured by eight thermo-couples.
Fig. A : GR-5H sample holder with full-length heating for study of the behaviour of supercritical water by Dynamic Neutron Radiography

Fig. B : The Dynamic Neutron Radiography picture of the GR-5H sample holder with water on 20 °C (water drop is visible on the inside wall of the
sample holder).

Fig. C : Increasing water level in the GR-5H sample holder on 330 °C by Dynamic Neutron Radiography — above the water level the vapour phase
contains of more moisture then in figure B.

Fig. D : Supercritical water in the GR-5H sample holder on 374 °C by Dynamic Neutron Radiography (Exception on the bottom of the hole. It
contains a little residual water ball).

After the success of the static sample holder, it seemed reasonable to continue this research with a closed loop
cooled by natural circulation of SCW.

2. Aspects of the thermalhydralic concept

Since the 1930°s more than 500 experiments have been performed dealing with supercritical fluids, mainly with
water SCW [13]. The main disadvantage of these experiments is that very limited number of information has been
recorded for the different distribution of thermal hydraulic variables. For example, the distribution of wall temperature
along the heated length has been often recorded with a typical 50200 mm distance between thermocouples. This
resulted a coarse resolution of wall temperature though very step increase of wall temperature has been reported under
deteriorated heat transfer conditions [2], [4], [5], [6]. Many other variables and their distribution have not been
measured during the above mentioned experiments, for example the distribution of fluid temperature, velocity, density
and other material properties in the radial or axial direction. It means that the limited resolution of measurements has
bounded the possibility of the research on the thermal hydraulics of SCW. The above mentioned high pressure and
temperature conditions of SCW has also made these experiments more complicated, because there is no any structural
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material which is transparent and can stand the high pressure and temperature. That is why the visualization of SCW
flow is a big challenge [24].

In the last two decades, the computational fluid dynamic technique has undergone a significant development.
Nowadays, the performance of such codes enables the detailed 3D modeling of the thermal hydraulics of SCW. The
results are very promising (see [16], [17]), but validation is still needed [18]. The application of DNR simultaneously
with conventional measurements seems a very powerful tool for both to validate the CFD calculations and discover
more details of the thermal hydraulics of SCW.

Considering the need of simplicity, as a first step, a natural circulation loop cooled by SCW has been designed
based on the successful previous attempts published in literature [19], [20]. This loop essentially is a many times
bended closed pipe with two horizontal (one lower and one upper) and two vertical (one hot leg and one cold leg)
parts. The lower horizontal (preheater) and hot leg (heater) is heated. The structure of the loop can be seen on Fig. 2.
That is the reason why a big density difference occurs between the hot and cold leg. This density difference drives the
natural circulation flow.

In the future, the application of forced circulation is intended in the loop and this circumstance has been considered
during the design of the loop. The main goal is the investigation of natural circulation of SCW but the possibility of
modification to forced flow has been ensured in the construction.

3. Experimental facility

The investigation was obtained at the DRS of the Budapest research reactor (10 MW). The main parameters of the
DRS are the following: the neutron flux is 8X10" n cm™ sec’, the gamma dose rate is 8.5 Sv/h , the Cd ratio is 8, when
the L/D ratio is 170. Neutron radiation passing through the object is converted into light by a scintillator screen, and
the light is detected by a LLL tv camera. Radiography images are displayed on a monitor, stored by S-VHS and DVD
recorders for further analysis. At the DRS the sensor of the LLL tv camera is a vidicon tube with built in imaging-
intensifier. Its type is TV1122. The single frame exposure time of the camera is 40 msec and its sensitivity is 10™ lux.
This registration speed and sensitivity are available to study the medium speed motion of the water in the loop.

4. Investigated object

The investigated object is the ANCARA (MTA KFKI AEKI-BME NTI Budapest SuperCritical wAteR test
fAcility) natural circulation loop.

The study of water in the supercritical regime means high load on the material of the loop. Materials of good
corrosion resistance and of high strength at high temperature (above 400 9C) were selected, as it was published in [21,
22]. The safe measurement conditions and the integrity of the loop were verified by a stress analysis calculation based
on the equivalent tensile stress, or Huber-Mises-Hencky yield criterion.
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AP1

Fig. 2. The construction of the ANCARA loop: Sematic view in the data acqﬁisition software.

The loop is essentially a bended closed pipe with many different measurement equipment mounted on an
aluminium alloy frame (see Fig. 2.). The pipe was made of stainless steel which inner diameter (ID) is 5, outer
diameter (OD) is 8 mm. This ID is in the same order of magnitude as the equivalent diameters in an individual cooling
channel of a fuel assembly in a current SCWR design. The loop consists of more pipe parts with a total length of 5,2
m. Each pipe part connects to another part by weld or to an equipment by a Swagelok type pipe connection. The total
volume of the closed loop is 102.1 cm®.

In the following, the description of each equipment will be presented started from the lower right corner of the
loop. The direction of this description coincides with the flow direction.

Two UNIK 5072 — TD — A3 — CC — HO — PE type absolute pressure transducer measures the absolute pressure in
the loop. Their accuracy is 0.04%. The positions of these two transducers can be seen on Fig. 2. at the lower and upper
horizontal part (both of them (AP1 and AP2) show 225 bar absolute pressure).

Left to the lower UNIK-5072 there is a SITRANS F C 300 type mass flow meter (MFM) made by SIEMENS (see
Fig. 3.). This mass flow meter operates by the Coriolis theory. This equipment measures simultaneously the density
and temperature of the fluid and the mass flow rate (or the volume flow rate).

The last equipment in the lower horizontal part is the preheater (PHE, see Fig. 3.). This is an unique manufactured
type heater which is identical with the four heaters in the vertical hot leg. Its total heating power is 500 W per unit. Its
heating coil is INcI20 type made by Thermocoax.
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Fig. 3.: Picture of the semi-final state of the ANCARA loop

The hot leg heated by the above mentioned four heaters (H;-Hy, see in Fig. 3.) with a total heating power of 2000W
(4 x 500 W). The temperature distribution on the outer wall of the hot leg was measured by ten “K” type
thermocouples. The distance between two thermocouples was 110 mm (see in Fig. 2.).

The length of the hot leg is approximately 1 m where the pressure drops are measured by two SITRANS P DSIII
7MF4533-1DB32-2AA6-Z AO01 type differential pressure transducers made by SIEMENS (see Fig. 3.). The first one
(DP1) measures the differential pressure between the start and middle point of hot leg. The second one (DP2)
measures the differential pressure between the middle and end point of hot leg (see Fig. 3).

To reach the SCW state the high purity water has been heated from room temperature above the critical
temperature. In the meantime the fluid expands and its pressure increases. This is how the pressure is controlled but if
the heating power is not sufficient (higher than needed) then fast blow down possibility would be needed. To realize
this function an electrically controlled blow down valve has been installed at the beginning of the upper horizontal part
(see Fig. 2., where 0 means the valve is fully closed). This valve is a 30-041-A024 type magnet valve (reduce pressure
valve ~ RPV, see Fig. 3.). Its shortest opening time is 0.1 s. The water blow down through this valve is collected in a
tiny tank (TT) which total volume is 55 cm®. This tank has its own heating capability which enables water feed back to
the loop. The pressure in this tank can be measured by a PTX 1400 absolute pressure transducer (PTX, see Fig. 3.).

There is a three pass active air-cooled pre-cooler (PCO) at the upper part of the cold leg. This pre-cooler consists of
cooling ribs actively cooled by two ventilators per each pass. This configuration is from commercial PC technique (see
Fig. 2. and 3.).

Downstream from the pre-coolers there is a crosscurrent water-water heat exchanger (WWHE) contained by a
stainless steel tank (see Fig. 2. and 3.).

Downstream from the WWHE there is a PB491021 type valve (CV3, see Fig. 3.). Its function is controlling the
mass flow rate. This valve is controlled by an electrical motor.

For the necessary vacuum and high purity water charge processes two PB491021 type valves (CV1 and CV2) have
been installed in the loop at the bottom and upper horizontal parts.
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5. Measurement

The aim of the DNR investigation was to give visual information about the behavior of the SCW in the loop.
Before the starting of the DNR investigation a cleaning and filling up procedure have to be done. The whole tube
system with the all miscellaneous equipment and TT is cleaned by a vacuum pump. At the end of the cleaning
procedure the TT is separated from the other parts of the loop by the RPV. Latter the pump is separated from the loop
by the CV2. After CV1 is opened the water fills up the loop from bottom to the top. At the end of the filling up
procedure the CV2 is opened to verify the water level. Finally, all valves are closed and the DNR measurement can
start. The first period of the heating procedure (0 — 10 minutes) was applied for the verification of the upper limit of
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Fig. 4. Simplified parameters of the measurement process

the temperature and the pressure (450 °C and 30 MPa). It was success as it is visualized in Fig.4. which is contained
of a simplified version of the original registered parameters. The running time of the measurement is written on the
horizontal coordinate in minutes. The temperature and the pressure are written by the vertical coordinate in °C and
bars with nominally same values. The highest curve (1) is described by the temperature of H, on the middle part, the
next (2) is in down stream the temperature of H; on the middle part, the next (3) is in down stream the temperature of
H, on the middle part, the next (4) is in down stream the pressure on the AP2. The further curves are negligible now.
The heating power was changed between 1,1 and 1,9 kW. The SCW state was stabilized between 58 and 63 minutes.

It should be noted that the sensors of the pressure measurements are covered by a high thickness complex, sandwich

style biological shielding (boron-carbide, cadmium and lead) against the damage of the high level scattered radiation.
Regarding the reduced territory of our interest (because the dimension of hot leg is limited — only a vertical tube) the

neutron beam was reduced by an additive complex shielding also.

The whole procedure was recorded on S-VHS video and on DVD. Simultaneously the temperatures, absolute and
differential pressure values, the mass flow rate, heating powers were registered together in an in-house developed data
acquisition software.

The measurements on the ANCARA loop has been just started. That is why some preliminary results can only be seen
in Fig. 5. — Fig. 8. The Fig.5. shows the DNR picture of the upper part of the hot leg at the middle of H, heating
element on room temperature. The light intensity on the line between the two yellow crosses (shown on Fig. 5. and 7)
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can be seen on Fig. 6. The light intensity was analysed by a QUANTEL CRYSTAL SAPPHIRE type picture analyzer.
When the temperature of the water on 25 °C in the Fig. 6. a little valley is observable between the two walls of the
tube of the hot leg. The right curve is written by the little gap of the complex shielding elements (Cd and Pb).

Measurement of closed loop

| '  In the tube
water on room temperature

thermo—-coupl e

:'T-ac
q _

Fig. 5. DNR picture of the upper part of
the hot leg at the middle of H, heating element on

room temperature. The two yellow cross indicates the post process line shown Fig. 6.

Fig. 6.: The light intensity between the yellow crosses shown Fig. 5 on room temperature

Latter when the temperature and the pressure increased above the critical values (374 °C and 22,1 MPa) of the water
the closed loop extended its dimensions the hot leg moved away to left direction a little as it is visible on the DNR
picture in Fig.7. The distribution of the light between the two crosses is visible in Fig. 8. The deep of the valley
between the wall of the hot leg reduced its deep. It is meaning the SCW density is lower then the water on room
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temperature. The amplitude of the right curve is increased by the dilatation motion of the hot leg, because the gap
became wider then previously.

closed loop

thermo—coupl e

T=38C
p = 22.5 WPa

Fig. 7. DNR picture of the upper part of the hot leg at the middle of H, heating element on SCW state.

The two yellow cross indicates the post process line shown Fig. 8.

Finally we have to mention some difficulties of this work. When the closed loop was produced we had to make some
compromises. The limited motion capability of the remote controlled moving mechanism for DRS hindered to use the
optimal exposure position of DNR. We were not able to apply the shaft of the neutron beam as the central of the hot
leg. We had to use the left part of the beam as you could see in Fig.5 and Fig. 7. These effects are visible in Fig.6 and
Fig. 8. because the peaks of the wall of the tube are not symmetric. By the way this effect made the barrel form
distortion of the hot leg in the Fig. 6 and Fig. 8. but it is not so bad for the evaluation work. We will modify the
structure of the remote controlled moving mechanism.

Fig. 8. The light intensity between the yellow crosses shown Fig. 7. on SCW state
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6. Conclusions

Description of the design of the ANCARA natural circulation loop and some preliminary results have been
presented in this paper. The detailed investigation for the thermal hydraulics of the natural circulation flow of SCW
has now been enabled. The temperature- and pressure tests of the loop were success. We will develop more details of
the arrangement of the measurement for the better effect of the SCW.
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