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Abstract

A test facility has been set up to generate data on heat transfer and pressure drop for supercritical fluids
under natural circulation conditions. The experiments have been conducted in the test loop with
supercritical carbon-dioxide as well as supercritical water as operating fluids. The heat transfer data
generated in the test facility has been compared with various heat transfer correlations available in
literature for supercritical fluids. The present paper describes the experimental results and comparisons
in detail.

1. Introduction

Supercritical water is being considered as a coolant in some advanced nuclear reactor designs i.e.
Supercritical Water Cooled Reactors (SCWRs) on account of its potential to offer high thermal
efficiency, compact size, elimination of steam generator, separator & dryer, making it economically
competitive. Several SCWR designs with forced circulation of primary coolant have been proposed in
the past [1-5]. Supercritical water natural circulation loops are capable of generating density gradients
comparable to two-phase natural circulation loops. Hence, natural circulation is also considered as a
viable option of heat removal in supercritical water cooled reactors [6-7]. Safety is a key issue in the
design of advanced reactors and considerable emphasis is placed on passive safety. Cooling a reactor at
full power with natural instead of forced circulation is generally considered as enhancement of passive
safety. Natural circulation can also be used for passive decay heat removal after reactor shutdown.
Hence, the behaviour of steady state natural circulation with supercritical fluids is of interest for a
number of new reactor systems. More over heat transfer characteristics of supercritical fluids under
natural circulation conditions is also important. Since supercritical water (SCW) or any other
supercritical fluid experiences drastic change in its thermodynamic and transport properties near the
pseudo-critical temperature, the heat transfer behavior is quite different form sub-critical convective
heat transfer. Dramatic reduction in density near the pseudo-critical temperature results in strong
buoyancy and acceleration effects across the cross-section causing unusual flow and heat transfer
behaviour. Hence normal heat transfer correlations developed for turbulent flow of conventional fluids
with small or moderate property variations like Dittus- Boelter correlation may not be applicable at
supercritical conditions.

Several researchers in the past have carried out experimental investigation in to forced convective heat
transfer for SCW [8-9] as well as supercritical carbon-dioxide [10-11]. Exhaustive literature search
carried out for supercritical water and supercritical carbon-dioxide [12-13] confirmed three heat
transfer modes in supercritical pressure fluids: (1) so-called normal heat transfer, (2) improved heat
transfer, characterized by higher-than-expected heat transfer coefficient (HTC) values than in the
normal heat transfer regime and (3) deteriorated heat transfer, characterized by lower-than-expected
HTC values than in the normal heat transfer regime. The expected HTC in the normal heat transfer
regime is that calculated by Dittus-Boelter correlation. Improved heat transfer is observed at low heat
fluxes and deteriorated heat transfer is observed at higher heat fluxes and lower mass fluxes. In
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literature, there is still no unique definition for the onset of heat transfer deterioration because
reduction in heat transfer coefficient is gradual as compared to sharp increase in wall temperature (or
sharp reduction in heat transfer coefficient) associated with boiling crisis at sub-critical pressure
conditions.

Carbon-dioxide can be considered as a good simulant fluid for water at supercritical conditions because
of analogous change of properties across the pseudocritical point. The dimensionless correlations for
heat transfer coefficient are same for supercritical water and supercritical carbon-dioxide [14-15]. Most
studies available in literature have reported forced convective heat transfer in supercritical fluids,
whereas studies on natural convective heat transfer are considerably less. Hence it is worth while to
investigate heat transfer with supercritical fluids under natural circulation conditions. A test facility has
been set up to generate data on heat transfer and pressure drop for supercritical fluids under natural
circulation conditions.

2. The Experimental Loop

Figure 1 shows the schematic of the experimental loop. It is a uniform diameter rectangular loop made
of 13.88 mm inside diameter stainless steel (SS-347) with outside diameter of 21.34 mm. The loop has
two heater test sections and two cooler test sections so that the loop can be operated in any one of the
four orientations such as Horizontal Heater Horizontal Cooler (HHHC), Horizontal Heater Vertical
Cooler (HHVC), Vertical Heater Horizontal Cooler (VHHC) and Vertical Heater Vertical Cooler
(VHVC). The heater was made by uniformly winding nichrome wire over a layer of fiber glass
insulation. The cooler was tube-in-tube type with chilled water as the secondary coolant flowing in the
annulus. The outer tube forming the annulus had 77.9 mm inside diameter and 88.9 mm outside
diameter. The loop had a pressuriser connected at the bottom which takes care of the thermal expansion
besides accommodating the cover gas helium above the carbon dioxide. The safety devices of the loop
(i.e. rupture disc and relief valve) were installed on top of the pressuriser. The entire loop was insulated
with three inches of ceramic mat (k=0.06 W/m?).

2.1 Instrumentation

The loop was instrumented with 44 calibrated K-type thermocouples to measure the primary fluid,
secondary fluid and heater outside wall temperatures. Primary fluid temperatures at each location was
measured as the average value indicated by two thermocouples inserted diametrically opposite at r/2
from the inside wall whereas secondary fluid temperatures were measured by a single thermocouple
located at the tube centre. This was adequate to obtain the average temperature as the temperature
fluctuation in the secondary fluid was negligible. The thermocouples used to measure the outside wall
temperature were installed flush with the outside surface. To enable this, a longitudinal slot of width
equal to the diameter of the thermocouple was cut on the outside surface and the thermocouple was
inserted in this groove and brazed. There were 12 thermocouples at six axial distances installed at
diametrically opposite locations. The system pressure was measured with the help of two Kellar make
pressure transducers located on the pressuriser as well as at the heater outlet. The pressure drop across
the bottom horizontal tube and the level in the pressuriser were measured with the help of two
differential pressure transmitters. The power of each heater was measured with a Wattmeter. The
secondary flow rate was measured with the help of a rotameter. All instruments were connected to a
data logger with a user selectable scanning rate. For all the tests the selected scanning rate was 1
second.
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The accuracy of the thermocouples were within + 1.5 °C. The accuracy of the pressure and differential
pressure measurements were respectively + 0.03 MPa and + 0.18 mm. The accuracy of the secondary
flow as well as power measurement is + 0.5 % of the reading. In addition, typical fluctuations of each
instrument were also recorded during steady state with and without power. As seen from Table-1, there
is hardly any difference in the fluctuations with and without power.
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ENLARGED VIEW OF HORIZONTAL HEATER

Figure 1 Supercritical pressure natural circulation loop (SPNCL)

2.2 Operation with Supercritical CO;

Before operation with supercritical CO, the loop was flushed repeatedly with CO, at low pressure
including all impulse, drain and vent lines. Subsequently the loop was filled with CO; up to 6 MPa
pressure and the chilled water coolant was valved in. This caused condensation of CO, and hence a
decrease in loop pressure. The pressure decrease was compensated by admitting additional CO, from
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the cylinder and again allowed sufficient time for condensation. The process of filling and
condensation was continued till there was no decrease in pressure. At this point the loop pressure was
increased to the required value with the help of a helium gas cylinder. Once the required supercritical
pressure was achieved, the helium cylinder was isolated. Sufficient time was allowed to reach a steady
state. However, it was found difficult to attain completely stagnant conditions with uniform
temperature throughout the loop as the higher ambient temperature allowed small amount of heat
absorption through the insulation into the loop which was rejected at the cooler causing a small
circulation rate. Once a steady state was achieved, the heater power was switched on and adjusted to
the required value. Sufficient time was allowed to achieve the steady state. Once the steady state is
achieved, power was increased and again sufficient time was provided to achieve the steady state. In
case the system pressure increases beyond the set value by 0.1 MPa, a little helium was vented out to
bring back the pressure to the original value. Similarly during power decrease if the pressure decreases
below the set point by 0.1 MPa, then the loop was pressurized by admitting additional helium into the
pressurizer. The experiments were repeated for different pressures and different chilled water flow
rates. Subsequently the experiments were performed for different orientations of the heater and cooler.

Table-1: Fluctuations of measured parameters

Parameter Fluctuation Fluctuation under steady state
without power | natural circulation at 1400 W

Heater inlet temperature (°C) +0.28 +0.44

Heater outlet temperature (°C) +0.44 +0.43

Pressure (MPa) +0.028 +0.028

Pressure drop (mm WC) +0.21 +0.21

Secondary inlet temperature (°C) | +0.1 +0.07

Secondary outlet temperature (°C) | +0.35 +0.47

3. Steady State Natural Circulation Data for SPNCL

The SPNCL of BARC is actually a closed loop where heater inlet temperature is not controlled and
only chilled water mass flow rate and inlet temperature on secondary side of cooler is maintained
constant. Steady state data on natural circulation flow rate and heat transfer were generated with
supercritical CO, for various orientations of the source and sink. The data ranges for each orientation is
also given in table-2. The range of parameters of all the steady state data is

Orientations studied : HHHC, HHVC, VHHC and VHVC
Pressure : 8-9.2 MPa

Power :0.1-2.4 kW

Cold leg temperature :17.5-57.7°C

Hot leg temperature :19.3-95.9°C

Coolant flow rate : 29.6-56 Ipm

Coolant inlet temperature ~ : 8.2-11.4°C
Coolant outlet temperature  : 9.0-12.5°C
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Table-2: Range of parameters for steady state tests with supercritical CO,

Orientation | Power Loop conditions Secondary coolant conditions
(kw) Pressure | Temperature (°C) Flow rate | Temperature (°C)
(MPa) Cold leg Hot leg (Ipm) Inlet Outlet
HHHC 0.19-2.4 | 8.5-9.2 17.7-57.7 | 20.5-95.9 | 29.6-37 8.7-10.2 | 9.5-11.7
HHVC 0.3-22 |85-8.8 |20.2-49.3 |24.2-93.1 |33.5-34.8 |8.2-93 |9-104
VHHC 0.14-2.4 | 9-9.26 17.5-495 |19.6-73.9 | 31.6-38 8.5-11.4 | 9.7-12.5
VHVC 0.1-20 |[8.1-91 17.5-41.3 | 19.3-66.8 | 36.2-56 8.6-9.5 | 8.8-9.7

3.1 Steady State Natural circulation Flow Rate with Supercritical CO,

Steady state data for the different heater-cooler orientations (i.e. HHHC, HHVC, VHHC & VHVC)
generated in the loop were compared with the predictions of the in-house developed computer code
NOLSTA [16] and the results are presented in figures 2a & 2b. The steady state mass flow rate for
experimental conditions has been obtained as
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Figure 2 Measured and predicted steady state flow rate for various orientations

Enthalpy at heater outlet (iou) can be calculated from heater outlet temperature and operating pressure
measured experimentally and enthalpy at heater inlet (i) can be calculated from heater inlet
temperature and operating pressure measured experimentally. The elbow loss coefficient has been
taken to be 0.55 each (total 4 elbows) for predictions. Figure 2a shows the data for three different
orientations for which data were available at 8.6 MPa. For the VHHC orientation data were available
only for 9.1 MPa. The data for VHHC and HHHC orientations are compared with NOLSTA
predictions in figure 2b. The data are found to be in close agreement with the code predictions. Higher
mass flow rates are estimated experimentally for vertical heater orientation (i.e. VHVC & VHHC) as
compared to NOLSTA code predictions. The maximum error associated with mass flow measurement
is £ 30% for the loop operation near the pseudo-critical region, since the bulk fluid temperature
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difference across the heater section is much less near the pseudo-critical region due to higher value of
specific heat, whereas the error is much less away from the pseudo-critical region. The flow rates
measured could not be verified by any other method i.e. heat balance of cooler, since the secondary
side flow is quite high and does not show an appreciable change in temperature.

3.2 Effect of pressure

The data on the effect of pressure on the steady state flow rate are presented in figure 3 along with the
predictions by the NOLSTA code. The mass flow rate reduces with increase in pressure which can be
attributed to reduction in volumetric expansion coefficient with rise of pressure for supercritical fluids.
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Figure 3 Effect of pressure on the steady state flow rate for the HHHC orientation

4, Experimental heat transfer coefficient for carbon-dioxide and comparison with various
correlations

4.1 Determination of Heater heat transfer coefficient experimentally

The heat transfer coefficient in the heater is estimated from the measured outside surface temperature
(Two 1.6. T3-T14) of heater pipe at six equidistant locations along the length of each heater as shown in
figure 4. At each location temperature is measured at two diametrically opposite positions (i.e. T3 &
T4). Then, the steady state inside wall surface temperature of heater (T,;) is estimated by a conduction
analysis.

Q. Inm
T, =T, ————/

: 2
" 2Lk @

Inlet and outlet fluid temperatures (Ti, and Toyu respectively) of heater are measured by using two
thermocouples (T1 & T2 and T15 & T16 respectively) as shown in figure 4. The bulk fluid enthalpy at
the corresponding location were obtained by the linear interpolation of enthalpies at inlet and outlet
thermocouple readings as
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From the local bulk enthalpy local fluid bulk temperature can be calculated. From local bulk
temperature, inside heater wall temperature and heat input, the local heat transfer coefficient (h) can be
estimated as given below:-
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Figure 4 Instrumentation for measuring heat transfer coefficient in heater test

Uniform heat flux is assumed through out the heated length and A is the inside surface area of the tube.
It may be noted that at a single power of operation in SPNCL, a complete temperature range of bulk
fluid (i.e. sub-critical to supercritical) is not covered from heater inlet to heater outlet. Hence, the local
heat transfer coefficient along horizontal heater length (HHHC orientation) has been determined for
different operating powers corresponding to sub-critical, pseudo-critical and supercritical range of
operation as shown in figures 5a, 5b& 5c respectively. For the horizontal heater, there are six
thermocouples on the top and six at the bottom of the heater surface, hence two heat transfer
coefficients are determined. At the entrance region the top heat transfer coefficient is higher but as the
flow gets thermally developed the bottom heat transfer coefficient becomes larger. Buoyancy forces
may enhance the heat transfer at tube bottom and reduce the same at the top of the tube. This is in
agreement with experiments conducted for horizontal flow of carbon-dioxide at supercritical and sub-
critical pressures [17]. They also found non-uniform cross-section temperature profile for horizontal
flow and confirmed the effect of buoyancy forces by comparison with buoyancy free data. However,
for vertical heater the wall temperatures don’t vary much along the circumference at a fixed axial
location, hence single heat transfer coefficient value is plotted along the length for vertical heater
(VHVC orientation) as shown in figures 6a, 6b & 6c.
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Figure 5 Variation of heat transfer coefficient along horizontal heater length during sub-
critical, pseudo-critical and supercritical temperature range of the bulk fluid
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Figure 6 Variation of heat transfer coefficient along vertical heater length during sub-critical,
pseudo-critical and supercritical temperature range of the bulk fluid

The heat transfer coefficient is not varying significantly with the bulk carbon-dioxide temperature
along the length of heater for the sub-critical, pseudo-critical and supercritical range of operation for
horizontal or vertical heater. More over, no deterioration in heat transfer has been observed current
range of operation of SPNCL. Hence, it is worth while to plot average heat transfer coefficient versus
average bulk fluid temperature across heater section corresponding to various operating powers. Since
the most correlations available in literature do not account for top and bottom heat transfer for
horizontal flow, the average of top and bottom heat transfer has been taken in the results presented
hereafter. The effect of pressure on heat transfer with carbon-dioxide at supercritical pressures is
shown in figure 7. The peak of heat transfer coefficient reduces and shifts to higher bulk fluid
temperature (just near pseudo-critical temperature) with increase of pressure. This may be because of
reduction in peak specific heat and increase of pseudo-critical temperature with increase in pressure.
The maximum and minimum heat transfer coefficient is observed for HHHC and VHVC orientation
respectively as shown in figures 8a & 8b. This may be because of maximum natural circulation mass
flow rate expected for HHHC orientation and minimum for VHVC orientation, as predicted by
NOLSTA code in figures 2a & 2b, whereas experimental procedure to calculate the mass flow rate by
energy balance over estimates the same for VHVC & VHHC orientations (see figures 2a & 2b). The
maximum error associated with measurement of heat transfer coefficient is + 15%.
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FIG. 8 Effect of orientation on heat transfer coefficient

4.2 Comparison of heat transfer data with various empirical correlations

Subsequently the experimentally determined heat transfer coefficients for horizontal heater were
compared with predictions of various correlations available in literature as shown in figures 9a, 9b &
9c. Most of the correlations i.e. Mc/Adams [18], Jackson [15], Bishop [20] and Shitsman [22] are
showing good match with experimental heat transfer data for horizontal heater. This may be because of
lower heat flux encountered during experimentation (max: 47 kW/m?). A comparison for vertical
heater orientation is shown in figures 10a, 10b & 10c. A large mismatch is found between experimental
and predicted heat transfer coefficients for vertical heater. This may be attributed to higher flow rates
estimated experimentally (using energy balance) for VHVC orientation (as it cannot be higher than
HHHC orientation, see figure 2a) which goes as a direct input to correlations for calculating the
Reynolds number, whereas heat transfer coefficient determined experimentally does not require mass
flow rate as explained in section 4.1. However, Jackson Fewester [21], Shitsman [22] and Bishop [20]
correlations are closer to experimental heat transfer results.
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Figure 9 Comparison of experimental heat transfer coefficient for horizontal heater with various correlations.
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Figure 10 Comparison of experimental heat transfer coefficient for vertical heater with various correlations.

5. Modification of the Facility for Operation with Supercritical Water

The existing 2" diameter supercritical natural circulation loop (SPNCL) was modified for operation
with supercritical water which involved installation of new test sections, power supply and pressurizer.
Two inconel heater test-sections (each for horizontal/ vertical heater) were fabricated. Thermocouples
were brazed on the surface of each heater test section, at thirteen different axial locations. At each
location, four thermocouples were provided at 90° angular distance (each at top, bottom, side-ways) as
shown in figure 11.
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Figure 11 New horizontal/ vertical heater test section.

A 200 kW power supply (25 V & 8000 A) was installed and connected to the horizontal and vertical
heater test sections by flexible couplings. The final dimensions of the augmented SPNCL are given in
figure 12. The cooler is same, with air flowing in the secondary annular pipe. For this a large capacity
air blower (i.e. 1600 cfm and 20 m WC head), has been installed and lines were laid connecting cooler
to the blower. An anubar was installed in the 6” line for the air flow measurement.

6. Preliminary Steady State flow rate and heat transfer results with supercritical water

The experimental steady state mass flow rate, heater inlet and outlet temperatures versus power for
constant secondary side air flow rate are shown in figure 13a & 13b respectively. The predictions by
NOLSTA code are in close agreement with experimental data. The heater power however tripped at 8
kW, hence results are not available at this power. The heat transfer coefficient corresponding to above
data were determined and compared with various heat transfer correlations available in literature for
supercritical fluids as shown in figure 14a, 14b & 14c. Even though the mass flow rate is reducing after
6.5 kW of power (see figure 13a), the heat transfer coefficient has still increased by a factor of two
approximately (the corresponding point for 6.5 kW power in figure 14a, b & c is at average bulk fluid
temperature of 350 °C). Again the peak heat transfer coefficient is observed near the pseudo-critical
temperature (corresponding power 7.5 kW in figure 13a and pressure 24 MPa). The heat transfer
coefficient at bulk fluid temperatures higher than pseudo-critical temperatures could not be generated
due to heater power trip. All correlations are giving good match for the sub-critical water heat transfer,
whereas Mc/Adams [18], Jackson [15], Bringer Smith [19] and Shitsman [22] correlations are
predicting well for pseudo-critical region.
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Figure 13 Steady state characteristic of Augmented SPNCL (HHHC orientation)
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Figure 14 Comparison of experimental heat transfer coefficient with various
7. Conclusions

Natural circulation experiments were conducted in SPNCL with carbon-dioxide and water at
supercritical pressures. The data was analyzed for heat transfer under natural circulation conditions
with both the fluids. During natural circulation as the heat flux is increased the mass flux first increases
and then decreases, but no deterioration was observed for the range of experimentation with both
fluids. This may be due to lower values of heat flux (maximum: 47 kW/m? for carbon-dioxide and 125
kW/m? for water) used during the experiments. Peak values of heat transfer coefficient are observed
very near the pseudo-critical temperature for both the fluids. With increase of pressure the peak of heat
transfer coefficient reduces and shifts to higher bulk fluid temperature as observed for carbon-dioxide.
For horizontal heater the bottom heat transfer coefficient is found to be higher than the top because
buoyancy forces assist heat transfer at the bottom surface. For horizontal heater operation with carbon-
dioxide or water, all correlations are giving good match for the heat transfer at sub-critical and
supercritical region (i.e. far away from pseudo-critical region), whereas Mc/Adams [18], Jackson [15]
and Shitsman [22] correlations are predicting well in the pseudo-critical region. For vertical heater
operated with only carbon-dioxide, lot of deviation has been found between the experimental heat
transfer and that predicted by the correlations. This may be attributed to overestimation of
experimental flow rates determined by energy balance for VHVC and VHHC orientation. However,
Jackson Fewester [21], Shitsman [22] and Bishop [20] correlations predict closer to experimental heat
transfer results for vertical heater configuration.

NOMENCLATURE

Heat transfer area (m?)

Heat transfer coefficient (W/m?/k)
Enthalpy (J/kg)

Thermal conductivity (W/m/K)
Length of a heater section (m)
Radius (m)

Mass flow rate (kg/s)

Axial distance (m)

xX=Pr-rx—T1T>
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Subscripts

B bulk

H heater

I inside

In inlet

@) outside

out  outlet

Ss steady state

W wall
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