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Abstract

Earlier, %” uniform diameter Supercritical Pressure Natural Circulation Loop
(SPNL) was set-up in hall-7, BARC for carrying out experiments related to
supercritical fluids. The loop is a rectangular loop having two heaters and two
coolers. Experiments were carried out with CO, under supercritical conditions
for various pressures and different combinations of heater and cooler
orientations. Since, the design conditions are more severe for supercritical
water (SCW) experiments, the loop was modified for SCW by installing new test
sections, pressurizer and power supply for operation with supercritical water.
Experimental data were generated on steady state, heat transfer and stability
under natural circulation conditions for the horizontal heater and horizontal
cooler (HHHC) orientation with SCW up to a heater power of 8.5 kW. The flow
rate data and instability data were compared with the predictions of in-house
developed 1-D code NOLSTA, which showed reasonable agreement. The heat
transfer coefficient data were also compared with the predictions of various
correlations. The experiments show a peak heat transfer coefficient at 381 °C.
All correlations exhibit peak at bulk temperature lower than that obtained in
the experiments. Most of these correlations predicted experimental data well in
the pseudo-critical region. However, all correlations are matching well with
experimental data beyond the pseudo-critical region. The details of the
experimental facility, Experiments carried out and the results presented in this
report.
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1. INTRODUCTION

Supercritical water natural circulation loops (operating above critical points) are capable of
generating density gradients comparable to two-phase water natural circulation loops. Hence,
supercritical water is being considered as a coolant in some advanced nuclear reactor designs.
Because of the higher operating temperatures with supercritical fluids, the thermodynamic efficiency
is larger. The critical heat flux phenomenon is eliminated raising the possibility of higher power
density. The supercritical fluids can be directly sent to the turbine eliminating the requirement of
steam generator, steam-water separator and dryer. The higher power density achieved in such
reactors could result in the lower core size. These many advantages suggest that the supercritical
reactor could be far more competitive economically compared to the current LWRs.

Supercritical fluids undergo significant property changes in the pseudo-critical region. A few
studies have been made to extend the generalized dimensionless parameters applicable for stability
analysis of two-phase flows to supercritical fluids [1 & 2]. Some of these studies were carried out in
natural circulation systems [3-6]. However, very few experimental studies are reported in the open
literature. To our knowledge, the supercritical test data are reported in rectangular loops by
Lomperski et al. [7] and Holman and Boggs [8] with supercritical CO, and Freon-12 respectively.

Besides Yoshikawa et al. [9] studied the performance of a supercritical CO, natural circulation in a
somewhat complex loop. Due to the large property variations in the pseudocritical region, traditional
single-phase heat transfer correlations are not adequate to predict the heat transfer for supercritical
fluids. Several investigators have also reported deterioration in heat transfer in the pseudocritical
region similar to that observed in two-phase flows following the occurrence of CHF [10-11].

Safety is a key issue in the design of advanced reactors and considerable emphasis is placed on
passive safety. Hence, steady state and stability behaviour of natural circulation with supercritical
fluids is of interest for a number of new reactor systems. In the context of the above, an
experimental investigation of the steady state and stability behavior was planned. A 7%” diameter
supercritical pressure natural circulation loop (SPNCL) was designed, installed and operated with
supercritical CO, as working fluid, at hall no. 7, BARC [12 & 13]. Experiments were carried out for
different supercritical pressures with different combinations of heaters and coolers orientations with
chilled water as coolant.

Subsequent to the completion of the experiments with CO, the existing supercritical pressure
natural circulation loop (SPNCL) was modified by installing new test sections, pressurizer and a new
power supply. Besides, the instrumentation and the secondary system of the loop were also
modified. Two inconel-625 heater test-sections were fabricated and installed in place of the SS-347
test sections. The cooler is the same as in CO; loop. However, provision was made for cooling with air
flowing in the annulus. The instrumentations and safety devices of the loop were upgraded to

supercritical water conditions.

Experiments were carried out for the horizontal heater and horizontal cooler (HHHC) orientation
for steady state natural circulation flow and instability. These experiments were carried out up to 8.5
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kW heater power and up to a pressure of 241 bar. The experimental data generated were compared
with in-housed developed code and were found in reasonable agreement. The heat transfer
coefficient data was also compared with the predictions of various correlations. The details of the
experimental set-up, experiments carried out and the results of the analysis are presented in this
report.

2.0 OBJECTIVES
The objectives of the proposed experimental facility is to generate data base for

(a) Heat transfer coefficient,

(b) Friction pressure drop,

(c) Steady state natural circulation performance,
(d) Transient and stability performance

3.0 EXPERIMENTAL LOOP FOR SUPERCRITICAL WATER

Earlier, experiments were carried out with supercritical CO2 in a supercritical pressure natural
circulation loop (SPNCL) [12 & 13]. The test facility is a uniform diameter (13.88 mm ID & 21.34 mm
OD) rectangular loop, which can be operated with SC-CO2. The loop can operate with different
possible orientations of heater and cooler, viz. Horizontal Heater Horizontal Cooler (HHHC),
Horizontal Heater Vertical Cooler (HHVC), Vertical Heater Horizontal Cooler (VHHC) and Vertical
Heater Vertical Cooler (VHVC) to study the effect of orientation on natural circulation behaviour at
supercritical conditions.

Since, the design conditions are more severe for supercritical water (SCW) experiments and the
loop for SC-CO2 was modified for SCW experiments. The loop was modified by installing new test
sections, pressurizer and power supply for operation with supercritical water. Fig. 1 shows the
photograph of the experimental facility. There are two heater locations (one at the bottom
horizontal section and another in the left vertical leg) and two cooler locations (one at the top
horizontal section and another in the right vertical leg) in the loop. Any of the above combinations
(HHHC, HHVC, VHVC or VHHC) can be chosen prior to the experiment. The coolers are tube-in-tube
type with a cooling length of 1.2 m. The schematic of the loop as fabricated length scales are given in
Fig. 2. The fluid takes up heat in the heater section and on becoming light it rises through the riser
and rejects heat in the cooler and on becoming heavier goes down the down comer and reaches
heater inlet thereby establishing natural circulation. A vent valve is located at the highest elevation
of the loop. The filling and draining operations in the loop are carried out through valves located at
the bottom horizontal section. A pressurizer (with safety devices) is provided at the highest elevation
of the loop to take care of thermal expansion of the fluid. Nitrogen is used as a cover gas in the
system.
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Fig. 1: Photograph of SPNCL
3



T3
|

T4 f@ —T6

T5
Section X-X

@ Position of Thermocouples on
Horizontal Heater Surface (T3-T54).
@ Position of Thermocouples on
Vertical Heater Surface (T59-T110).
Note: Secondary cooling water T/Cs
are located at the centre of tube.

100
32
o \JL
o N = |
I
LI 2184
42
DETAIL — C
DETAIL — A DETAIL - B
— —— 175 »‘ ‘« 100 (TYP) — =100
T47 T39 T31 T15 T7
T48 T40 T32 T16 T8
T51 T43 T35 T19 T11 T3
JL T52 Ta4 T36 T20 T12 Ta
% RD  NITROGEN - — X
RV 2= FILLING LINE e e S s s s S (e s g g S S s ey s
|1 ~ LX
—,125 NB SCH XX 153 T45 T37 T21 Ti3 T
T54 T46 T38 T22 Ti4 T6
T49 T41 T33 T17/ 9
o T50 T42 T34 Ti8 T10
wi
N Bus Bar Bus Bar
© g 1750
a <1 HORIZONTAL HEATER SECTION
b
o
o 970 1200 840
T123
120
| — 1124 1290~
r T113 T125 T115
THAN COOLER /116
A T et
< o
T121 WE 75 NB SCH 80 S8
T122 PT
111 Ty A
T112 T118
wn
o~
S LEGEND e Egg
(i) T1,T2,T55-T58, T111-T120 5 1130 S
PT1 are primary fluid thermocouples. 8 8
PTr-2 (ii) T3-T54, T-59-T110 are heater surface O
thermocouples.
b (iii) T121-T130 are secondary fluid AR’
S thermocouples
=" RD :Rupture Disc T126 \ PT )
——=—— RV :ReiefValve T127 o
= PT  :Pressure Tap S
ol & |~ PTr :Pressure Transducer
[ I = | 1 - Di : P
=2 . DPT-1: Differential Pressure Transmitter 15 NB SCH 80
%—» — T119
— = T120
. 157 DPT-1
':r[ s *E ‘ 151 3 45
2 Hﬁ%‘ 152 T4
TS5 | ¢ Tl
T56‘ N ¥ T2
IRy 'a W
B’ PT/ PT
753 E T5
HASKEL T54 T6 -
PUMP 630 1750 | 630 | WATER
ALL DIMENSIONS ARE IN mm ﬂ FILLING LINE
WATER DRAIN WATER
DURING OPERATION DRAIN LINE

Fig. 2: Schematic of the SPNCL for SCW

T107
T108 —-@ —T110
T109
Section Y-Y
|
|
o
=] Y
Anl L -
T107
T108 l
T103 M
T104
T99 $ Ti01 o
T100 T T102 o
195 , ™oy
T96 | @
T91 93
192 T 94
I 189 o
£ w2
E ‘ -
T
181
179
‘ Ts0 I 182
< 75 - 77
8 176 | 78
=
' ™
LZ] [
T67 -
T68
T63 .
T64 T
59 -
T60 ‘
n ‘ !
~ *
b Il
f T

\
VERTICAL HEATER SECTION



The new test sections are direct electrically heated ones. For this, a 200 kW low voltage high
current (25 V & 8000 A) power supply was procured and installed. Fig. 3 shows the photograph of
new power supply unit. It could be connected to either the horizontal or the vertical heater test
sections by flexible silver coated copper busbars. A haskel pump was also installed to pressurize the
loop. The cooler is tube in tube type which is the same as in CO, loop. However, provision was made
for cooling with air flowing in the annulus. For this a large capacity blower (i.e. 45,300 lpm at 20 m
WC head) was installed. An anubar was installed in the 150 mm line for the air flow measurement.
Two hot air exit lines from the horizontal and vertical coolers were fabricated and installed. Steam
exit lines from the outlet of rupture disc to the outside of building were fabricated. The loop along
with impulse lines was hydro tested at 60 MPa. A new pressurizer for high pressure (designed for 30
MPa) operation required for the supercritical water conditions was designed and fabricated. Besides,
the instrumentation and the secondary system of the loop were also modified. This also necessitated
the use of a new data logger. rig 4 shows the photograph of control panel with data logger.
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Fig. 3: Photograph of Power Supply Unit Fig. 4: Photograph of Control Pannel for
SPNCL
3. 1 Design and Operating Conditions

The loop design parameters have been listed in Table-1. Heater test sections (horizontal &
vertical) in the loop are made of Inconel-625 which can with stand high temperatures up to 600°C,
while SS-347 valves and fittings of standard 6000 Ibs (41.3 MPa) rating have been used. The design of
loop piping has been done as per ASME-B31.1.

The loop operating parameters have been listed in Table-2.



Table-1: Design conditions for the Loop and the pressurizer

Primary Description | Opera | Material Design Design Design Mass
/Secondary ting Pressure Temp. Flux
side Fluid (bar) (°c) (kg/m?/s)
Loop piping H20 SS-347 300 450 2000
Primary side Heater H20 |Inconel-625 300 600 2000
Pressurizer* | H,O SS-347 300 150 Water

(with N2 cover gas)

Secondary side|  cooler Air | sS-316 50 250 3000

Piping Air SS-316 50 250 3000

* The pressurizer will not experience high temperature as it is connected by U-bend to the main loop,
hence the same has been designed for low temperature e.g. 150°C

Table-2: Operating conditions for the Loop and the pressurizer

Primary / Description Max. Tem Mass
Secondary side Pressure (bar) (.°C) P- Flux Remarks
(kg/m’/s)
Loop 220-250 445 100-1000 SCW
Primary side Heater 220-250 575 - Surface temp.
Pressurizer 220-250 60 - Water
Cooler 1.02 50-100 3000 Air
Secondary side
Piping 1.05 50-100 3000 Inlet & outlet

3.2 Heaters

The loop has two heaters (direct electrically heated) one each on bottom horizontal and left
vertical legs. Each heater section consists of Inconel-625 pipe (13.88 mm ID with 3.73 mm wall
thickness & 1.75 m length ) is capable of operation at 25 MPa and 575 °C was fabricated and installed
in place of the SS-347 test sections. Thermocouples were brazed on the outside 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). A total of 124 thermocouples were




installed in the water loop compared to 44 thermocouples in the CO, loop. The photograph of the
installed horizontal heater with thermocouples is shown in Fig. 5.

Fig. 5: Photograph of horizonta heatr with thermocouples

3.3 Coolers

There are two tube-in-tube type coolers in the loop (one at the top horizontal leg and other at
the right vertical leg). The air flows in the secondary side of the cooler from a blower and the air exit
line goes out of the Hall-7. The main design details of each cooler are as given in the Table-3. Fig. 6
shows the schematic of the cooler.

Table-3: Details of Cooler

Description Material ID oD Design Design Fuid
(mm) (mm) Pressure Temp.
(bar) (°C)
Inner tube SS-347 13.88 21.34 300 450 SC-H,0
Outer tube SS-347 77.90 89.90 5 100 Air
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Fig. 6: Schematic of the cooler for SPNCL
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3.4 Pressurizer

A new pressurizer for high pressure operation required for the supercritical water conditions was
designed (30 MPa, 150 °C) and fabricated. It is made up of $5-347 pipe and ellipsoidal caps having a
capacity of 16.7 litres (103.2 mm ID and 141.3 mm OD) is connected by U-bend at the bottom
horizontal leg of the loop. The safety devices (rupture discs) required for the higher pressure rating
were procured and installed on the pressurizer. The pressurizer also had provisions for gas filling
(nitrogen). A new support structure was also fabricated for the pressurizer installation at the site. The
temperature of the pressurizer is not expected to go beyond 100 C. Since the pressurizer is
connected to main loop using U-bend (See Fig. 2), it provides a water seal at the lower portion of the
loop and pressurizer. The pressurizer has been designed as per ASME Section VIII Division I, for 300
bar and 150 °C. Fig. 7 shows the schematic of the new pressurizer without supports.

VENT LINE & N2

FILLING LINE
g o B
[
PRESSURE TAPS
o
[an)
(an]
[qU]
i ¥
]

THERMOCOUPLE/ i
FITTING \TO MAIN LOOP

Fig. 7: Pressurizer of SPNCL
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4.0 HYDROSTATIC PRESSURE TEST REQUIREMENT

The hydrotest pressure required for the loop design pressure (considering temperature
correction for allowable stress) is shown in table-4 and calculated as follows

Hydro test pressure (Phydro) = 1.3 x Design Pressure X (Sambient temp / Sdesign temp)
Sambient temp = Allowable stress for loop material at ambient temperature
Sdesign temp = Allowable stress for loop material at design temperature of loop

Table-4: Hydro test pressure requirement for the loop and pressurizer

Description Material | Design Design Sdesign TEMP Sambient Phydro (bar)
Pressure Temp. (ksi) Temp
(bar) (°c) (ksi)
Loop $5-347 300 450 13.5 20 577.8
(Except pressurizer)
Pressurizer SS-347 300 150 17.1 20 456.1

* Ambient temperature considered is 30°C

5.0 INSTRUMENTATION

The Process and Instrumentation (P & I) diagram of the SPNCL is shown in Fig. 8. All the process
parameters are transmitted electronically to the Supervisory Control and Data Acquisition (SCADA)
system. Instruments used are electronic in nature. Processing of all the electronic signals transmitted
from the field transmitters is performed by the SCADA system. The SCADA control system digitizes
the analog signals and computes the control signals. The system also communicates with operator
station for uploading data to database and receiving operator commands. The supervisory computer
serves as operator interface and database server.

All the temperatures in the loop are measured by mineral insulated, 1 mm, SS-316 sheathed; K-
Type thermocouples along with isolated electronic temperature transmitters giving 4 to 20 mA
normalised floating signals. Temperature signals in the form of 4 to 20 mA DC from isolated field
transmitters are brought to SCADA using multi-core cables. The transmitters are calibrated in groups
depending on temperature zone in the process. There are 114 calibrated 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 (see detail-D in Fig. 2) from the inside wall whereas secondary fluid
temperatures were measured by a single thermocouple located at the tube centre. The
thermocouples used to measure the heater outside wall temperature were installed flush with the
outside surface. To enable this, a longitudinal slot of 0.2 mm deep and 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 44 thermocouples at elevation axial distances installed at 90° angular
locations (as shown in Fig. 2).
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Differential Pressure and Level of the supercritical fluid are measured by FUJI Make electronic
smart transmitters capable of withstanding high static pressure (420 bar). Pressure and differential
pressure signals from field are of 4 to 20 mA normalized DC signal from transmitters energised by 24
V DC power supply located inside the control panel. Diaphragms of pressure and differential
pressure/ level transmitters are rated up to 100 °C for normal operation. Hence, process connections
are taken from piping and vessel with U-bends followed by long impulse tubing to protect the
instruments. Dedicated hardwired trip logic has been used for tripping the heaters on over pressure
and high temperature.

Pressure is measured by FUJI Make electronic smart transmitters and Keller make transducers
with fast response (Rating up to 300 2C) located on the pressurizer as well as at the heater outlet.
Electronic transmitters capable of withstanding more than 500 bars are used.

The flow in the main loop is measured in the single-phase horizontal pipe with calibrated pipe
taps. The flow rate in the loop is proposed to be estimated from the measured pressure drop (by
DPT-1 in Figure 2) across 2.6 m length of horizontal pipe (the flow in this stretch of pipe is single
phase flow) using the pipe friction chart. This method is adopted to minimise the pressure losses in
the loop which has a significant influence on the natural circulation flow. To improve the accuracy of
this method, this pipeline has been calibrated against the measurement by rotameter for different
flow rates under forced flow.

All instruments were connected to a data logger with a user selectable scanning rate. For all the
transient and stability tests the selected scanning rate was 1 second.
6.0 ELECTRICAL

The new test sections are direct electrically heated ones. For this, a 200 kW low voltage high
current (25 V & 8000 A) power supply was procured and installed. The power supply can be
connected to only one heater at a time.

7.0 SAFETY SYSTEMS

Two rupture discs of different set points have been provided at the top of the pressurizer in
parallel. In case of excess pressure rupture disc will break. The maximum operating pressures, the set
point of rupture discs (RD-1 & RD-2) are given in the following Table-5.

Table-5: Set points for rupture discs and maximum operating pressure*

Operating [Design Pressure| Design Temp. |Max. Operating | Set Pressure for | Set Pressure for
Fluid (bar) (°c) Pressure (bar) RD-2 (bar) RD-1 (bar)
SC-H,0 300 450 250 300 270

* The design values are for the loop excluding the pressurizer.
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8.0 VALVES LIST

The different valves which are in the SPNCL are listed in Table-6 with their functions and
locations.

Table-6: Listing of valves

Size of ) .
Sl. No. Valve No. Function Location
valve
1 V-101 & 102 3/8” To isolate DPT1 Across horizontal heater
2 V-103 3/8” To isolate DPT2 Before vertical heater
3 V-104 & 105 3/8” To isolate DPT3 Across vertical heater
V-106, 107, 108 & ) .
4 109 3/8” To isolate DPT4 Across horizontal cooler
5 V-110 3/8” To isolate DPT5 Before vertical cooler
6 V-111 & 112 3/8” To isolate DPT6 Across vertical cooler
7 V-113 & 144 3/8” To isolate DPT7 Across vertical cooler
. , After left side tee on top
8 V-115 & 116 3/8 To isolate PT3 ] )
horizontal pipe
. _ After left side tee on top
9 V-117 & 118 3/8 Venting of loop ] .
horizontal pipe
. - After right side tee on top
10 V-119 & 120 3/8 Venting of loop ] .
horizontal pipe
11 V-121 & 122 3/8” | For draining the loop After right side tee on bottom
horizontal pipe
V-123, 124 & 125, . Level measurement in
12 3/8” To isolate DPTS8 )
126 pressurizer
. . After left side tee on bottom
13 V-127 & 128 3/8 For draining the loop ] )
horizontal pipe
14 V-201 3/8” Blower discharge side Blower discharge side
15 V-202 3/8” Isolation for horizontal After blpwer on horizontal
cooler cooler line
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Table-6: Listing of valves (Contd.)

Size of ) .
Sl. No. Valve No. Function Location
valve
16 V-203 3/8" Isolation for vertical After blower on vertical cooler
cooler line
17 V-301 3/8” For filling the loop Pump suction
18 V-302 3/8” For filling the loop Pump discharge
19 V-401 3/8” For isolating N2 cylinder After PRV-1
. ) ) On top of presssurizer near
20 V-402 & 403 3/8 Venting of pressurizer
ground
i ) Inlet and outlet of secondary
. For isolating secondary _ ,
21 V-510, 511 & 515 3/8 ] ) side of horizontal cooler for
side of horizontal cooler )
chilled water (for SC-CO2)
) ) Inlet and outlet of secondary
. For isolating secondary . . .
22 V-512,513 & 514 | 3/8 ) ) side of vertical cooler for chilled
side of vertical cooler
water (for SC-CO2)
. Return line of chilled water
Common outlet line of )
23 V-516 3/8” from hall-7 for chilled water
coolers
(for SC-CO2)
For setting discharge
24 PRV-1 3/8” pressure from CO2 On top of Nitrogen cylinder

cylinder

9.0 SAFETY ANALYSIS

a) In case of power failure there will be no heating in the loop, so there will be no rise in pressure &

temperature, hence it is safe.

b) In case of secondary side fluid flow failure, the heat transfer to secondary will reduce and

pressure & temperature on primary side will increase. The heater power will trip on high pressure

signal or high temperature signal, whichever comes first. Thus loop will be again in safe conditions.

c) In case of pipe/ flange failure the loop pressure will decrease and low pressure trip signal will

switch off the heater power and there will be no unsafe condition.
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10.0 ALARM AND SET POINTS

Signals indicating high pressure and high temperature of the process fluid are used for tripping
the heater power supplies and window based alarm indication. Redundant signals analog circuits
have been used for achieving this trip action.

10.1 High temperature trip

The temperature rise due to the time delay in the high temperature trip signal and trip action is
to be accounted in the high temperature trip set point. The temperature rise is taken care by
selecting high temperature trip set point in such a way that this rise in temperature is within the
design limits of the heater test section. The calculation details are given below. Total time delay
involves 100 ms for sensor (thermocouple), 250 ms for transmitter and 100 ms for scanning time
which adds up to total of 450 milliseconds. For conservative calculation an instrument time delay of
500 milliseconds is considered and heat transfer to the carbon-dioxide inside the heater section is
also not considered. The temperature rise in the heater test section can be estimated as

ATheater = (QX time)/ Mheater X (Cp)heater
Time = 0.50 second or 500 milliseconds

Pinconel = 7900 kg/m3
Mheater = Pheater X [(ﬂ/4) (dOZ'diz)I]
(Cp)inconel =0.48 kJ/kg K
The temperature rise (AT) in 0.5 s for the loop is given in Table-7 below.

Table-7: Criterion for high temperature trip

Heater Design ATheater Alarm for high | High temp
Operating | Max. Power | Temp.(°C) - temp trip (°C) | trip Value
fluid (kW) (°C)
in 0.5s
SC-H,0 20.0 575 7.7 575 585

Hence, the shutdown of the SPNCL due to high temperature trip can be carried out safely.
10.2 High Pressure trip

The pressure rise due to the time delay in the high pressure trip signal and trip action is to be
accounted in the high temperature trip set point. The pressure rise is taken care by selecting high
pressure trip set point in such a way that this rise in pressure is within lower threshold of Rupture
disc (RD1 as given in table 7) set point as shown in Table-8 below. For conservative calculation an
instrument time delay of 500 milliseconds is considered. The basis is that at no time the pressure
exceeds the lower threshold of RD1 set point. AP shown in the Table-8 has been estimated
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considering the loop operation at 250 bar and 575°C and fluid expansion due to enthalpy rise
(because of instrumentation time delay of 0.5 s) is not allowed to go to the pressurizer. It means that
AP is calculated without considering any inventory transfer from the primary loop to the pressurizer
which is a highly conservative approach.

Table-8: High Pressure trip set point value

Power (kW) Max. High High Pressure Set Pressure for RD(bar)
Operating Pressure Pressure Rise (AP) in
Pressure | Alarm Value | Trip Value 0.5 s (bar) Lower Upper
(bar) (bar) (bar) Threshold Threshold
7.5 250 252 252 2.1 268 254.6

10.3 Low Pressure trip

Since the loop will be operated between 220-250 bar. The low pressure alarm and trip set points
for the loop are kept below the minimum operating condition and are given in Table-9.

Table-9: Low Pressure trip set point value

o fluid Max. Operating Low Pressure Alarm Low Pressure Trip

er. flui

P Pressure (bar) Value (bar) Value (bar)
H,O0 250 115 110

11.0 INSULATION

For maximum power of 20.0 kW, the maximum loop operating temperature is 575°C with SCW. The
entire loop has been insulated with 5” thick ceramic mats except the pressurizer (since pressurizer
will not experience high temperature) because of U-bend provided at the bottom of the loop which
connects the main loop to the pressurizer).

12.0 LOOP OPERATION

12.1 Experimental procedure with Supercritical Water

To achieve supercritical pressure the following operating procedure is followed

i) The loop is filled up with water to the required level in the pressurizer.

ii) Nitrogen is filled at the top of the pressurizer and the loop pressure is increased to 11 MPa.
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iii) Further pressurization to 22 MPa and beyond is achieved by injecting more water at the bottom
of the pressurizer with the Haskel pump which increases the water level in the pressurizer. Then the
Haskell pump is isolated.

iv) Now power is switched on and due to thermal expansion of water in the rectangular loop the
loop gets pressurized above 22.1 MPa (i.e. the supercritical pressure).

v) To get desired pressure at an operating power, water inventory in the pressurizer is changed by
either injecting water with haskel pump or draining water from drain line near the outlet of haskel
pump. The pressurizer leg remains cold as it is connected by a U-bend to the main loop, facilitating
cold water injection in to the system without concerns of thermal stress.

12.2 Experiments with Supercritical Water

The facility was commissioned for operation with supercritical water with air as secondary
coolant. The steady state and stability experiments were carried out for HHHC orientation. The
ranges of parameters covered during the experiments are given in Table-10.

Table-10: Range of parameters for SCW Operation

Parameter HHHC
Pressure, Mpa 20.0-24.1
Power, kW 0.5-8.5
Cold leg temperature, °C 30 - 403
Hot leg temperature, °C 199 - 424
Secondary coolant inlet temperature, °C 44 — 47
Secondary coolant outlet temperature, °C 70-95

12.3 Steady state Experiments with H20

Steady state experiments were carried out for HHHC for different heater powers and secondary
air flow rates. The experimental steady state mass flow rate, heater inlet and outlet temperatures
versus power for HHHC orientation with constant secondary side air flow rate are shown in Fig. 9 a &
b respectively. Appendix-1 shows the complete set of steady state data generated with H20.

The heat transfer coefficient corresponding to steady state experimental data were determined.
The measured heat transfer coefficients were compared with various heat transfer correlations
(McAdams [14], Jackson [15], Bringer- Smith [16], Shitsman [17], Jackson-Fewester [18] and Bishop
[19]) available in literature for supercritical fluids (PIl. see Fig. 10). The peak heat transfer coefficient
is observed near the pseudo-critical temperature. All correlations are predicting well in the range of
experiments carried out except pseudo-critical region, where only McAdams [14], Jackson [15],
Bringer- Smith [16] and Shitsman [17] correlations are in good agreement.
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12.4 Instability Experiments with H,0

Table-11 lists all the instability data that was generated in the facility. As seen from the table
most instability data are for 7.5-8.5 kW of heater power. Figures 11-19 show the time series plots for
different parameters during the experimental observations of instability.

Table-11: Summary of instability data (H,O) for HHHC Orientation

Coolant
File name Pressure | Power | Flow rate inlet temp Remark
(MPa) (kw) | (LPM) °C) '
Stab_220_7.5_12875 41 _SC-H20 | 220230 | 7.5 12875 4146 | Instabilty at7.5kw

(Figure 11)
Instability during
power crease from
7.5 kW to 8.0 kW
(Figure 12)
Instability at 7.5 k
W (Figure 13)
Instability at 7.5 kK W
(Figure 14)

Stab_220 7.5 9635 41 _SC-H20 | 22.0-23.0 | 7.5-8.0 | 9423-9635 41-46

Stab_221 7.5 8956_38_SC-H20 | 22.2-22.8 |75 8956 38-45

Stab_222 7.5 8256_41_SC-H20 | 22.0-23.0| 7.5 8256 41-45

Instability during
power decrease from
7.5 kW to 7.0 kW
(Figure 15)

Stab_217 7.5 8225 42 _SC-H20 | 21.7-22.9 | 7.5-7.0 | 8179-8225 42-46

Instability at 7.0 k W

Stab_217_7.5 8179 44 _SC-H20 21.7-22.7 | 7.5-7.0 8179 44-47 .
(Figure 16)

Instability during
power crease from
7.5 kW to 8.0 kW
(Figure 17)

Stab_224 7.5 6935 51 SC-H20 | 22.4-24.1|7.5-85| 6935 51

Instability at 8.0 k W

Stab_224 8.0_7682_51_SC-H20 22.4-234 | 8.0 7682 51 .
(Figure 18)

Instability at 8.3 k W

Stab_221 7.7_7665_51_SC-H20 20.1-23.6 | 7.7-8.3 7665 51 .
(Figure 19)

* The stability file names are given in such a way that they represent the operating
conditions. For example in case of the first file,
Stab_220 7.5 12875 41 SC-H20.xls: 220 represents pressure in bar,
7.5 represents power in kW,
12875 represent the coolant flow rate in LPM,

41 represent coolant inlet temperature in °C
SC-H20 represents for supercritical water
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The phase plot corresponding to a typical oscillation observed at 7.5 kW (Fig. 12) is shown in Fig.
20a, but a different signature is obtained for a similar pressure drop oscillation observed in the same
experiment (Fig. 20b) and the phase plot of two combined oscillations is shown in Fig. 20c. The phase
plot of a typical oscillation observed at 7 kW (Fig. 16) is shown in Fig. 21a. Fig. 21b shows the phase
plot of complete instability oscillations observed in the Fig. 16. It shows a highly chaotic behavior of
oscillations. Similarly the phase plots of time series oscillations observed at 7.5 kW & 8 kW (Fig. 17)
are shown in Fig. 22 & 23 respectively.
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Fig. 22: Phase plot for Instability observed at 7.5 kW (Fig. 16)
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Fig. 23: Phase plot for Instability observed at 8 kW (Fig. 17)

13.0 STABILITY ANALYSIS WITH NOLSTA

The stability analysis of SPNCL with SCW is carried out with NOLSTA code at 23 MPa operating
pressure. The loop is stable at 6.25 kW, becomes unstable at 6.75 kW and continues to be unstable
till 8.25 kW as shown in Figs. 24 a & b. The loop again becomes stable at 8.5 kW. The experiments
show a smaller unstable zone varying from 7.5 to 8 kW at 230 bar. The stability map for the
experimental loop using NOLSTA code for SCW operation at 230 bar is shown in Fig. 25. The
threshold power of instability is increasing with secondary coolant (air) flow rate but the unstable
zone is limited to a narrow range of the heater power.
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Fig. 24: Stability analysis of SPNCL with NOLSTA Code for SC-H,0
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Fig. 25: Stability analysis of SPNCL with NOLSTA Code for SC-H20

14.0 CONCLUDING REMARKS

Supercritical pressure natural circulation experiments were carried out in with CO; in a loop for
different combinations of heaters and coolers orientations for different powers and pressures [12
&13]. Subsequently, the SPNCL test loop was modified for operation with supercritical water. Steady
state natural circulation experiments were carried out for the HHHC orientation and the flow rate
data showed reasonable agreement with code predictions. Experiments on instability were also
carried out up to 8.5 kW power. Instability was observed in a narrow window of poweri.e. at 7.5 & 8
kW with average pressure of 230 bar. NOLSTA code predicted a larger unstable zone i.e. 6.5 to 8.25
kW for 230 bar operating pressure. The heat transfer coefficient data was also compared with the
predictions of various correlations. The experiments show a peak heat transfer coefficient of 47
kW/m? /K at 381 °C. All correlations exhibit peak at bulk temperature lower than experiment i.e. 379
9C. Mc Adams [14], Jackson [15], and Shitsman [17] correlations seem to predict experimental data
well in the pseudo-critical region. However, all correlations are matching well with experimental data
beyond the pseudo-critical region.
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Appendix-1: Steady state natural circulation data with Supercritical H,O

Steady state natural circulation data generated with H,0 for the HHHC orientations are given in
Tables Al.

Table-Al: Steady State data for HHHC orientation with Supercritical H,0

sl. ';:)g:‘:‘r‘ Flow DPT-1 PT-1 PTr-2 TT-1 TT2 T13 Tr4 T1-5 T1-6 TT-7 TT-8 TT-9 TT-10 TT-11 TT-12 TT-13 TT-14
No. yw) (em)  (mmWQ) (bar) (bar) (°c) (0 (o (o (g (o o o (o Ca o (o (o (o
1 7.0 9563.0 -3.5 224.4 223.2 363.2 359.8 388.6 388.2 388.3 385.6 389.4 387.4 387.9 388.9 394.5 388.2 384.5 386.0
2 8.0  13824.0 -133.7 233.9 232.4 402.7 401.1 499.6 4729 460.7 472.7 489.8 467.8 455.5 470.4 488.1 464.8 447.5 461.3
3 7.5 12937.0 -135.1 230.0 229.2 396.4 395.1 488.6 461.3 449.5 4615 479.3 467.8 444.9 459.1 478.1 455.2 438.2 451.2
4 5.0 11025.0 31.4 229.2 228.0 275.7 275.5 300.8 300.2 299.8 298.1 303.2 309.4 300.0 301.1 309.2 301.9 297.5 300.2
5 56  11025.0 30.7 228.1 227.1 290.1 289.5 316.0 315.1 314.7 313.5 318.7 324.8 315.6 316.5 324.6 316.6 312.2 3149
6 6.1  10978.0 42.5 228.3 227.8 319.8 318.5 347.3 346.0 346.1 344.6 349.8 356.5 346.5 347.5 355.8 347.8 343.3 346.0
7 6.5 10932.0 48.8 229.7 228.4 332.8 331.8 361.2 357.9 360.6 358.3 363.3 370.3 360.4 361.7 369.1 361.7 356.7 359.1
8 7.0 10947.0 66.9 232.0 230.5 368.4 367.1 393.3 390.4 392.8 390.6 392.7 402.4 392.5 392.6 398.6 392.4 389.1 390.2
9 4.5 11056.0 28.6 230.0 228.8 264.9 264.0 288.6 287.6 287.4 286.1 291.0 297.3 288.2 289.3 296.7 289.7 2853 287.6
10 7.9 10807.0 50.9 229.5 228.0 390.5 389.2 458.2 452.5 453.6 452.8 467.1 473.7 451.3 456.6 473.5 456.8 446.6 453.7
11 8.0 7682.0 28.7 231.1 230.5 377.4 377.3 3989 395.6 398.2 395.2 399.9 394.7 397.3 397.6 405.7 395.7 394.1 395.2
12 8.0 7682.0 24.5 230.3 229.9 378.8 378.2 398.0 395.6 397.8 394.8 397.3 393.9 396.5 397.2 403.2 395.2 393.3 394.4
13 8.5 7673.0 27.6 231.1 230.5 397.7 397.5 490.8 484.3 482.6 482.7 502.5 483.8 480.1 488.8 509.7 486.3 475.2 485.2
14 8.5 7673.0 28.0 230.3 229.7 398.0 397.9 486.2 480.9 478.8 4789 497.8 480.1 476.7 485.4 504.7 482.5 472.7 4819
15 7.0 7620.0 235 229.7 228.8 353.9 353.4 380.3 378.1 379.2 377.3 382.2 377.2 379.2 380.5 387.4 377.6 375.6 377.6
16 7.0 7620.0 23.5 228.3 227.8 357.0 357.1 383.3 381.4 3829 380.2 384.7 380.2 382.6 383.8 390.3 381.0 379.0 380.5
17 7.3 7635.0 21.6 230.0 229.7 328.0 327.7 359.7 357.3 3589 356.2 363.7 356.8 358.5 360.4 369.5 357.9 355.0 357.8
18 7.3 7635.0 23.0 230.6 230.3 347.9 347.9 377.4 3747 376.3 373.6 379.7 3743 375.8 377.1 3853 375.1 3723 374.6
19 7.7 7635.0 25.8 230.3 229.4 361.3 361.3 389.6 387.2 388.7 385.2 390.2 386.0 387.6 388.9 395.7 386.9 384.5 386.0
20 7.7 7635.0 29.3 232.0 231.5 366.9 366.8 3959 393.1 395.3 3923 396.9 391.8 394.4 395.1 402.8 392.7 391.2 392.7
21 7.3 7620.0 -27.2 230.9 229.9 375.3 374.8 419.1 395.1 393.3 393.9 413.3 392.6 392.7 396.0 414.4 392.7 389.5 392.7
22 7.3 7620.0 -27.6 230.3 229.7 374.6 374.8 420.8 395.6 393.7 394.3 414.6 393.5 393.1 396.4 4153 393.6 389.5 393.1
23 7.0 7899.0 92.7 228.6 227.1 379.3 375.2 398.3 395.0 397.0 394.3 397.8 400.3 396.8 396.8 403.6 396.6 392.9 394.0
24 7.0 7899.0 96.1 228.3 226.9 381.4 377.3 398.3 396.3 398.2 395.6 398.2 401.1 397.2 397.2 403.6 397.1 393.3 394.8
25 7.0 7712.0 66.2 228.1 227.1 399.2 394.1 472.6 465.8 462.7 464.8 481.0 474.9 463.1 470.0 491.4 472.0 460.9 469.2
26 8.0 6904.0 97.5 227.5 226.1 402.4 400.0 494.1 487.1 4859 486.4 505.4 489.1 484.7 493.0 512.6 493.9 480.3 489.8
27 7.5 6858.0 92.7 229.5 228.2 398.9 396.2 474.3 467.9 467.3 467.7 484.0 469.1 465.6 472.9 491.0 473.3 4613 470.1
28 1.0  25159.0 5.0 2253 2240 749 755 895 854 844 863 921 867 849 874 936 888 87.0 faulty
29 1.5 25035.0 5.4 225.8 224.2 102.2 102.8 121.1 116.7 115.0 117.8 123.2 117.2 115.8 1183 126.1 119.6 117.7 faulty
30 2.0 24973.0 7.3 226.7 225.3 128.4 129.0 147.7 144.6 1447 145.1 151.0 1455 145.4 147.2 155.6 148.2 145.8 faulty
31 2.5  24693.0 8.1 226.9 226.3 157.8 158.0 176.0 173.8 1749 174.2 178.7 174.7 175.8 177.3 1835 176.4 174.8 faulty
32 3.0 24320.0 7.5 228.3 227.4 181.6 182.2 201.3 197.9 200.1 198.2 203.5 198.9 200.7 202.0 208.0 200.8 199.2 faulty
33 3.5 244130 10.9 229.5 228.6 207.1 207.7 230.0 227.1 229.1 227.2 232.9 2285 229.9 231.2 238.0 230.3 227.7 faulty
34 4.0  24289.0 11.7 230.6 229.7 219.4 219.9 2439 240.8 242.7 2413 246.8 242.3 243.8 245.0 251.7 244.2 2416 faulty
35 5.0 243510 14.6 234.8 233.8 271.2 271.7 297.9 294.6 297.3 295.2 301.1 296.9 298.3 299.8 307.1 298.1 295.8 faulty
36 6.0 24382.0 18.2 2255 224.4 318.4 319.2 347.7 344.6 347.4 345.0 350.7 346.5 348.2 349.6 356.6 347.4 3450 faulty
37 6.5  24320.0 20.5 231.1 230.3 339.4 340.2 368.4 365.8 368.9 366.1 371.7 367.3 369.7 370.9 377.4 368.0 366.0 faulty
38 7.5 24164.0 30.7 241.7 240.0 380.7 382.2 403.4 399.6 403.6 400.3 404.8 400.4 402.8 403.2 409.8 401.4 399.7 faulty
39 7.9  24326.0 34.7 229.7 228.0 393.6 392.0 465.4 458.8 459.8 459.0 474.7 480.3 458.5 463.7 481.0 463.6 453.4 4613
40 8.0  24289.0 36.3 230.6 230.7 398.5 395.8 481.0 474.2 473.5 4735 490.7 4749 471.6 479.2 498.1 479.6 466.8 475.5
41 8.5  24235.0 40.9 235.3 233.9 405.2 402.8 508.0 500.4 498.7 499.2 520.1 502.4 497.8 506.3 528.4 507.4 492.9 503.3
42 7.5  24257.0 37.1 229.0 227.4 390.8 386.7 455.3 449.6 449.1 449.5 463.4 451.6 4479 4541 471.4 4543 4437 451.2
43 7.0 24195.0 30.2 225.3 2249 389.2 385.4 444.3 438.8 436.7 4379 450.3 446.6 436.1 441.5 459.0 443.0 433.2 439.8
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Table-A1l: Steady State data for HHHC orientation with Supercritical H,O (Contd.)

TT-15 TT-16 TT-17 TT-18 TT-19 TT-20 TT-21 TT-22 TT-31 TT-32 TT-33 TT1-34 TT-35 TT-36 TT-37 TT-38 TT-39 TT-40 TT-41
o Ca Ca g Co Ca o Co Ca o o Ca Ca Co o Co Ca (o (%

393.4 387.1 386.6 392.7 401.1 388.7 387.9 363.4 405.0 387.0 383.7 faulty 393.7 421.7 387.9 381.7 400.8 390.1 388.9
476.9 458.5 449.2 464.9 476.3 459.4 4519 457.3 460.4 4455 434.3 faulty 467.8 473.4 438.6 440.6 464.1 4459 438.3
466.8 448.9 439.4 454.3 465.7 448.5 442.1 453.2 4525 437.1 426.7 faulty 457.3 459.8 429.3 431.6 454.4 436.7 429.4
308.9 301.1 300.0 306.1 315.4 303.4 301.7 305.5 304.6 301.1 296.0 faulty 311.3 329.0 303.8 300.6 316.5 307.4 304.4
323.8 316.2 314.8 320.9 330.2 318.0 316.2 317.6 320.4 315.8 310.8 faulty 326.4 344.7 318.6 315.0 332.1 322.5 319.6
355.2 347.2 346.1 352.2 361.9 349.0 347.4 342.8 351.7 346.5 341.5 faulty 357.3 376.4 349.0 345.1 363.3 353.1 350.0
368.7 360.7 359.2 365.7 375.0 362.3 360.6 357.1 365.0 360.4 355.0 faulty 370.7 380.2 362.1 358.3 376.4 365.7 363.1
397.2 390.9 391.3 396.5 405.4 392.1 392.2 378.5 392.9 391.2 387.1 faulty 397.1 407.3 390.9 384.2 405.1 393.4 391.4
296.6 289.3 288.2 294.3 302.7 291.2 289.8 282.0 293.3 288.4 284.2 faulty 299.6 315.5 291.6 288.3 303.8 295.6 293.0
477.8 458.9 450.0 466.2 489.0 463.6 454.1 458.6 460.8 448.8 436.0 faulty 489.1 491.6 463.1 467.4 497.1 475.7 463.6
405.8 394.4 395.2 faulty 413.1 faulty 394.6 395.9 398.5 396.9 393.3 faulty 402.4 396.3 395.9 398.3 410.8 396.7 394.7
402.4 394.0 394.4 faulty 408.4 faulty 393.8 401.0 396.8 396.1 392.4 faulty 399.9 395.5 395.1 397.1 405.8 395.4 393.8
517.6 493.4 481.8 faulty 532.1 faulty 487.3 500.7 491.1 480.3 462.3 faulty 533.6 515.3 501.8 521.2 544.8 518.7 503.4
512.9 489.2 478.8 faulty 526.2 faulty 483.9 503.3 488.2 477.0 459.8 faulty 528.1 511.5 498.4 517.4 539.3 514.5 500.1
386.7 377.6 378.3 faulty 392.8 faulty 378.0 382.7 383.5 380.5 374.7 faulty 387.3 382.4 381.2 384.5 392.7 383.2 380.7
388.8 380.6 381.3 faulty 395.8 faulty 381.4 381.1 387.2 383.4 377.7 faulty 389.4 384.9 383.7 387.0 396.1 385.7 383.3
369.3 357.9 358.1 faulty 377.6 faulty 358.5 359.8 365.9 361.1 353.3 faulty 371.5 364.6 361.8 366.9 378.8 365.6 361.8
385.0 374.7 375.0 faulty 392.0 faulty 375.5 376.4 381.0 377.1 371.0 faulty 385.7 379.8 377.8 382.0 391.9 380.7 377.4
394.8 386.4 386.4 faulty 402.1 faulty 387.0 390.8 391.4 388.9 382.7 faulty 394.0 389.6 387.9 391.2 402.4 390.4 387.9
402.8 392.3 393.1 faulty 411.4 faulty 393.3 397.6 397.2 394.4 389.5 faulty 401.5 394.2 393.8 396.7 412.9 395.4 393.0
405.0 391.1 392.3 faulty 402.1 faulty 391.6 390.0 405.6 392.3 389.5 faulty 402.0 390.8 390.9 392.9 400.3 390.4 389.6
405.8 391.5 392.3 faulty 402.1 faulty 392.1 394.6 406.0 701.1 389.1 faulty 402.4 391.3 390.0 392.9 400.3 390.8 390.0
403.5 395.1 395.1 faulty 411.7 395.8 395.6 379.7 401.3 395.0 393.0 faulty 400.8 425.1 394.7 392.9 408.9 396.4 395.2
403.5 395.5 3959 faulty 411.7 396.7 396.0 391.1 402.5 395.8 393.4 faulty 400.8 425.6 395.5 393.7 406.8 396.8 395.6
498.2 478.2 466.9 faulty 509.6 482.9 472.0 492.6 483.3 461.1 448.6 faulty 507.1 534.8 481.3 491.3 515.2 493.4 481.4
520.7 500.1 487.2 faulty 535.0 506.7 494.6 502.2 495.8 481.3 466.8 faulty 538.1 566.1 509.2 525.1 549.0 526.5 511.3
497.3 477.8 467.3 faulty 509.2 483.3 472.8 4829 4779 464.0 450.7 faulty 511.3 538.2 484.7 500.3 520.3 498.8 486.0
95.1 928 879 912 975 900 879 0915 1000 92.6 89.8 faulty 101.7 93.2 90.0 91.0 103.8 945 0912
128.2 83.6 118.7 122.9 130.9 121.3 119.1 111.2 133.8 124.2 121.4 faulty 136.8 125.3 122.1 123.1 139.2 127.2 123.7
157.0 57.9 147.5 152.4 1613 150.2 148.1 1359 164.6 153.7 151.0 faulty 167.0 154.6 151.7 152.4 169.6 157.0 152.9
183.7 86.5 176.6 181.6 188.3 178.7 176.7 171.2 1929 182.3 184.7 faulty 201.7 188.4 185.1 185.3 204.2 190.6 186.6
207.9 61.7 201.1 206.5 213.2 203.4 201.4 198.9 218.3 207.6 204.1 faulty 220.1 207.5 204.9 204.3 221.5 209.5 206.5
237.6 42.4 231.6 237.7 245.7 2343 233.0 231.2 252.1 239.6 237.4 faulty 257.3 241.8 238.3 238.0 259.1 2444 241.1
252.1 55.0 246.8 253.3 261.4 249.4 2479 247.1 268.3 254.3 252.1 faulty 272.4 256.6 252.7 2529 275.1 259.5 255.9
305.9 85.7 297.9 304.9 312.9 300.4 299.6 300.8 317.9 306.1 303.2 faulty 321.3 307.4 303.8 302.7 324.9 309.9 307.0
355.6 99.5 347.8 354.7 362.7 349.8 348.7 355.0 366.7 354.1 351.7 faulty 370.7 355.7 352.8 350.5 373.8 358.6 355.5
376.0 98.3 368.0 374.5 382.1 369.5 369.1 365.5 384.6 702.7 371.1 faulty 388.3 373.9 371.4 368.2 391.1 376.2 374.1
406.4 76.2 4019 407.0 413.4 401.2 401.4 402.0 410.3 406.5 400.9 faulty 413.7 401.8 400.5 394.6 416.1 403.0 402.3
4859 466.5 458.0 474.6 499.1 472.8 463.0 475.4 465.0 455.2 4415 faulty 499.2 502.2 473.7 478.1 508.0 486.2 473.8
505.0 484.1 473.7 4915 519.4 491.6 479.7 500.1 483.3 469.9 455.8 faulty 519.7 552.2 491.8 506.1 530.0 507.2 492.8
537.6 514.8 500.3 520.2 552.3 522.2 508.7 492.6 509.6 493.5 478.1 faulty 556.9 583.9 525.6 541.9 569.2 545.0 528.2
476.9 457.7 448.7 464.5 488.5 463.2 453.2 464.5 470.4 448.0 434.3 faulty 486.2 503.9 460.1 464.1 4945 4719 461.1
463.8 4459 437.3 451.4 4729 449.0 440.0 444.3 457.1 435.8 426.3 faulty 468.6 489.5 445.4 453.4 475.5 455.1 445.5
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Table-Al: Steady State data for HHHC orientation with Supercritical H20 (Contd.)

TT-42 TT1-43 TT-44 TT-45 TT-46 TT-47 TT-48 TT-49 TT-50 TT-51 TT-52 TT-53 TT-54 TT-55 TT-56

(°0)

390.6
446.3
437.4
308.7
3234
353.8
366.9
3935
296.4
477.6
398.5
397.6
522.4
518.2
384.5
387.5
367.7
383.3
392.1
398.0
3934
393.0
397.3
397.3
494.9
532.5
506.7
97.1
130.5
159.6
194.2
212.8
248.7
263.5
314.1
362.7
380.4
406.6
488.1
511.8
549.2
474.2
456.9

(°c)

404.2
454.9
446.1
319.5
335.4
366.9
380.3
408.8
306.9
502.3
409.9
405.7
548.8
543.0
394.5
397.8
382.0
394.0
405.3
415.3
395.3
395.3
410.1
407.6
522.9
555.1
525.8
105.7
141.7
171.5
206.7
2235
262.1
278.0
329.1
378.2
394.6
418.4
512.4
535.0
574.0
499.0
482.6

(°0)

390.2
440.9
4325
308.2
323.7
354.2
366.8
393.2
296.9
478.2
396.7
395.8
521.3
517.2
383.3
386.2
366.5
381.2
390.0
395.8
390.4
390.0
396.9
396.5
497.8
528.0
500.8
95.1
127.7
157.4
191.8
211.0
246.2
261.3
311.9
360.5
377.7
403.6
488.2
507.9
546.0
474.8
458.9

(°c)

389.1
436.1
428.1
305.2
3203
350.1
363.5
391.2
293.5
465.0
394.7
393.5
505.5
501.7
380.9
383.4
362.1
378.4
387.6
393.0
390.1
389.7
394.6
395.0
483.9
512.8
487.2
92.2
1245
153.9
188.3
207.6
241.9
256.6
308.2
356.0
374.0
401.7
475.1
493.5
530.0
461.6
447.4

(°0)

3915
441.9
433.2
309.6
324.6
355.3
368.2
394.0
297.5
479.3
397.9
396.7
523.2
519.1
384.2
386.7
367.6
382.2
390.9
396.7
390.9
390.5
397.4
397.8
499.7
530.1
503.1
97.0
130.7
160.2
194.7
213.0
248.8
264.2
315.0
363.3
380.3
406.1
490.2
509.3
548.4
476.0
460.6

(°c)

faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty

(°0)

392.0
441.3
433.3
311.2
325.9
356.2
369.3
394.5
299.0
483.8
faulty
faulty
faulty
faulty
faulty
faulty
faulty
385.0
3934
398.9
faulty
faulty
397.9
397.9
505.3
536.0
507.0
96.4
129.3
158.7
193.3
212.2
248.0
263.6
314.1
362.5
379.8
404.6
494.3
514.1
554.5
480.0
463.6

(°c)

387.2
437.4
429.8
306.7
3215
351.4
364.5
391.9
294.9
469.4
394.4
393.1
511.3
507.5
380.9
383.5
363.3
378.4
387.7
393.1
389.8
389.8
393.1
393.5
490.0
519.1
490.9
92.7
125.1
155.1
192.1
211.9
2435
258.3
309.3
358.2
378.4
401.5
480.8
497.6
536.8
465.2
450.0

(°c)

390.2
441.8
433.0
311.3
326.0
356.2
368.8
394.4
299.2
485.0
396.4
395.1
529.3
524.3
383.8
386.3
367.9
382.2
390.5
396.0
389.7
389.7
396.1
396.5
506.0
535.8
506.4
97.8
131.8
161.5
198.9
216.5
249.2
264.8
314.7
364.2
383.1
404.4
496.4
514.0
554.7
480.8
464.1

35

(°c)

404.8
451.7
442.4
322.4
337.6
368.5
381.6
410.3
309.3
508.3
396.9
395.6
537.8
533.2
384.6
387.6
370.2
383.8
391.0
396.9
390.1
389.7
406.5
403.9
527.8
560.7
530.3
105.2
141.6
172.0
211.3
225.2
260.3
276.8
326.6
377.3
395.9
414.9
519.7
538.7
580.6
503.2
484.7

(°c)

390.3
440.8
433.7
3124
327.6
357.5
370.1
394.5
300.6
491.0
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
395.8
395.8
512.0
544.4
513.7
97.3
130.5
160.8
198.7
216.4
248.8
264.8
315.0
363.8
383.2
403.7
502.7
521.7
564.2
485.9
467.8

(°c)

388.9
440.9
433.2
309.8
324.3
354.0
366.8
393.6
297.5
477.0
395.2
394.4
520.9
516.6
382.5
385.1
365.6
380.8
389.7
394.4
391.0
391.0
394.9
394.9
498.7
526.7
497.0
93.6
126.4
156.6
194.0
213.2
245.1
260.9
3115
360.4
380.0
402.1
489.4
504.2
544.9
472.3
456.2

(°c)

380.3
429.0
421.2
304.3
319.2
348.1
360.5
384.5
292.4
479.0
407.1
406.7
552.1
545.5
392.0
394.4
387.9
399.3
406.7
412.0
405.1
406.3
383.2
383.6
497.6
530.2
499.7
95.8
128.8
158.2
195.7
212.7
244.9
261.8
315.9
364.2
382.8
402.8
491.0
507.9
549.6
474.9
454.2

(°c)

370.6
392.1
387.8
292.2
306.3
334.7
347.4
377.6
281.3
411.7
381.1
381.5
430.6
429.9
365.0
367.8
344.0
360.8
3713
376.2
370.3
369.2
381.5
382.6
422.6
437.1
423.7
82.3
114.3
143.5
176.9
196.6
226.4
240.5
290.1
336.2
356.2
384.6
418.1
425.1
445.5
408.2
399.0

(°c)

faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty

TT-57
(°c)

3723
390.2
387.4
292.3
305.9
335.0
347.2
376.1
280.0
411.5
381.3
381.7
433.0
430.6
364.4
366.9
345.2
361.9
371.4
376.0
370.2
368.6
382.1
383.2
424.8
437.1
423.7
85.0
114.7
143.0
1731
197.6
226.3
238.8
291.6
338.2
355.2
383.9
417.8
427.0
454.9
409.5
399.9

TT-58
(°c)

372.4
389.8
387.4
291.9
306.0
3344
346.7
376.6
280.8
410.9
380.2
380.2
431.0
432.3
365.7
368.5
343.7
360.5
372.7
377.5
369.3
369.9
383.2
382.5
422.5
438.2
424.9
85.6
1154
143.9
173.7
197.9
225.5
239.3
290.6
337.1
356.8
385.3
417.2
436.0
445.6
409.8
400.6

TT-111
(°c)

364.3
387.4
383.4
286.7
300.2
328.9
341.8
371.6
275.5
403.7
376.7
377.8
418.8
419.4
361.0
363.2
338.0
3554
366.6
371.6
367.2
367.2
3744
375.5
411.0
447.6
433.6
79.8
109.6
137.7
169.8
190.6
219.8
2333
283.9
330.6
352.5
382.9
410.4
415.5
431.2
399.7
394.7
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Table-A1l: Steady State data for HHHC orientation with Supercritical H,O (Contd.)

TT-112 TT-113 TT-114 TT-115 TT-116 TT-117 TT-118 TT-119 TT-120 TT-121 TT-122 TT-123 Voltage

(°c)

366.8
390.8
386.3
289.2
303.1
331.6
345.0
374.6
278.0
406.4
380.2
380.8
422.0
422.0
362.9
365.7
340.6
358.5
369.6
3741
370.2
369.6
377.4
378.5
414.2
427.6
417.6
80.9
110.0
137.9
170.3
190.4
220.0
233.4
283.0
329.4
350.0
380.7
413.1
419.3
434.9
401.4
396.9

(°c)

363.6
385.4
382.1
287.4
300.8
329.4
3423
3725
275.6
403.4
377.8
378.4
418.2
418.2
361.0
363.8
3385
355.9
367.2
371.6
366.0
364.9
374.8
375.4
407.8
421.3
411.8
80.7
109.8
137.8
168.1
191.0
219.6
233.1
283.5
330.5
351.8
383.2
410.1
412.3
427.5
396.6
392.7

(°c)

367.2
388.9
385.5
289.3
302.6
3321
344.9
375.5
278.2
406.7
380.2
380.8
420.9
421.4
363.0
366.3
340.2
358.5
369.7
374.7
368.0
368.0
378.3
378.9
411.7
425.6
416.1
80.7
110.2
137.4
168.6
190.8
219.2
232.5
283.2
328.8
349.9
381.6
413.4
416.7
431.2
400.6
396.1

(°c)

360.4
400.8
394.1
279.0
293.1
322.8
336.3
370.5
267.8
3935
379.7
381.4
405.6
404.5
358.3
362.3
3335
352.7
366.2
371.8
376.9
376.9
375.0
376.1
398.6
402.5
396.9
76.9
103.9
130.8
160.6
182.5
210.5
224.0
273.4
3211
343.6
381.8
396.9
398.0
406.5
388.5
388.5

(°c)

faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty
faulty

(°c)

360.5
398.9
392.7
277.6
290.6
320.5
3334
367.8
266.3
389.8
377.1
378.3
400.3
399.7
354.6
358.5
329.7
348.9
362.5
368.1
374.3
373.7
374.6
376.3
396.6
399.4
394.9
76.7
104.4
130.9
160.2
182.2
210.4
223.4
273.1
321.0
342.5
381.9
393.8
3955
402.8
387.6
387.6

(°c)

362.2
402.0
395.2
279.2
292.1
322.4
335.2
370.0
267.4
393.0
380.1
382.3
404.2
404.2
358.2
361.5
332.9
352.0
365.5
3711
377.8
377.8
376.2
378.4
398.6
402.0
396.9
76.8
104.3
130.6
159.2
182.2
209.7
222.6
272.5
319.6
340.9
379.5
396.4
397.5
405.3
389.6
389.6

36

(°c)

360.7
403.4
396.6
277.5
291.6
320.8
334.3
369.1
266.3
391.0
378.6
379.7
400.0
399.4
355.6
358.9
330.2
349.9
362.9
368.5
376.9
376.4
375.8
377.0
396.1
399.4
3955
75.3
102.8
129.8
158.4
181.5
209.0
220.8
271.9
319.1
339.9
380.3
394.9
3955
402.8
387.6
387.1

(°c)

359.4
396.7
391.2
272.7
286.4
316.0
329.8
363.8
261.7
385.7
377.3
377.9
398.0
397.5
354.4
357.2
328.1
348.2
361.1
367.2
375.1
375.1
375.9
377.0
395.6
3923
388.5
84.0
112.5
139.4
169.5
193.1
221.1
234.8
287.0
335.8
357.2
398.4
388.5
389.0
395.6
386.8
386.8

(°c)

45.5
46.6
48.3
47.7
48.3
48.8
48.3
46.6
47.2
46.6
50.2
50.2
50.2
50.2
50.2
50.2
51.5
50.6
51.1
51.1
51.1
51.5
44.9
44.9
38.7
51.6
52.2
49.4
49.4
49.4
49.4
50.0
49.4
49.4
49.4
48.8
50.0
50.5
46.0
50.5
51.1
44.4
38.7

(°c)

42.0
42.0
43.1
43.6
44.8
44.8
44.2
42.5
42.5
42.5
50.5
50.5
50.5
50.5
50.5
50.5
51.8
50.9
51.3
51.3
51.3
51.8
42.0
42.5
36.5
41.4
42.5
55.8
55.8
55.8
56.4
56.4
55.8
55.8
55.8
55.8
56.4
56.4
42.0
40.9
40.9
39.8
36.5

(°c)

85.1
89.6
92.5
75.5
78.9
82.9
83.4
86.8
72.7
88.5
92.7
91.6
95.5
95.5
89.9
89.9
86.5
88.2
90.5
89.9
92.7
92.2
86.3
88.5
113.9
93.0
95.3
52.4
55.8
58.6
62.6
65.4
68.8
70.5
77.2
84.0
87.4
94.7
89.1
93.6
95.3
89.6
111.1

V)

4.3
5.4
5.1
4.6
4.7
4.2
5.2
5.2
4.4
4.6
4.6
5.2
4.9
5.6
4.8
4.9
5.1
5.4
4.8
5.8
5.1
5.4
5.4
4.4
4.3
4.6
4.4
31
3.8
5.1
5.6
6.1
6.7
7
7.5
7.7
8.3
8.8

9.3
8.7
8.1

Current
(A)

1525.1
1580.8
1601.7
1239.6
1302.2
1420.6
1406.7
1539
1197.8
1594.7
1622.6
1615.6
1692.2
1622.6
1469.4
1497.2
1518.1
1559.9
1546
1706.1
1532
1552.9
1525.1
1539
1511.1
1643.5
1552.9
278.6
362.1
424.8
536.2
557.1
612.8
654.6
689.4
793.9
849.6
893.5
950.9
940.5
983.6
960.7
896.2



