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Nomenclature

specific heat at constant pressure
averaged specific heat

tube diameter

hydraulic diameter

outer diameter

inner diameter

gravitational acceleration

mass flux

Grashof number

Grashof number with p

heat transfer coefficient

specific enthalpy

electric current flowing in the tube
thermal conductivity

tube length

the number of data points
Nusselt number

pressure

Prandtl number

Prandtl number with ¢,

heat flux

volumetric heat generation in the tube
heating rate

Reynolds number

relative error

mean error
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kJ/kgK]
kJ/kg*K]

[MPa]

[kW/m?]
[KW/m®]
[KW]



T temperature [K]
V peu electric voltage across the tube [V]

x distance from the start of heating [m]

Greek Letters

3 friction coefficient

u dynamic viscosity [Paes]

I density [kg/m’]

D, averaged density [kg/m®]

0 standard deviation

T shear stress [N/m*]
Subscripts

b property at a bulk fluid temperature

cor from a correlation

cr critical point

exp from the experiment data

n property at inlet temperature

pe property at pseudo-critical temperature

w property at wall temperature
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Summary

The SCWR(Super Critical Water—cooled Reactor) is one of the feasible
options for the 4th generation nuclear power plant, which 1s being
pursued by an international collaborative organization, the Gen IV
International Forum(GIF). The major advantages of the SCWR include a
high thermal efficiency and a maximum use of the existing technologies.
In the SCWR, the coolant(water) of a supercritical pressure passes the
pseudo-—critical temperature as it flows upward through the sub-channels
of the fuel assemblies. At certain conditions a heat transfer deterioration
occurs near the pseudo-critical temperature and it may cause an
excessive rise of the fuel surface temperature. Therefore, an accurate
estimation of the heat transfer coefficient 1is necessary for the
thermal-hydraulic design of the reactor core. A test facility,
SPHINX(Supercritical Pressure Heat Transfer Investigation for the NeXt
Generation), dedicated to produce heat transfer data and study flow
characteristics, uses supercritical pressure COs as a surrogate medium to
take advantage of the relatively low critical temperature and pressure;
and similar physical properties with water. The produced data includes
the temperature of the heating surface and the heat transfer coefficient at
varying mass fluxes, heat fluxes, and operating pressures. The test
section is a circular tube of ID 6.32 mm; it is almost the same as the
hydraulic diameter of the sub-channel in the conceptional design
presented by KAERI. The test range of the mass flux is 285 to 1200
kg/m?s and the maximum heat flux is 170 kW/m® The tests were mainly
performed for an inlet pressure of 8.12 MPa which is 1.1 times of critical

pressure. With the test results of the wall temperature and the heat

_iX_



transfer coefficient, effects of mass flux, heat flux, inlet pressure, and
the tube diameter on the heat transfer were studied. And the test results
were compared with the existing correlations of the Nusselt number. In
addition, New correlation combined with the buoyancy parameter was

presented and tests of the new correlation for some cases were made.
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Table 1 Range of investigated parameters for heat transfer experiments at

supercritical pressure.

Reference P(MPa) )6]”(kW/m2 G(kg/m?)  Fluid and Flow geometry

Goldman(1961) 34.5 310-9400 2034-5424 Water, Tubes(D=1.27-1.9mm,
L=160mm)

Swenson(1965)  23-41 200-1800 542-2150 Water, vertical st. st.
tube(D=9.42mm, L=1.83m)

Bishop(1965) 22.6-27.5  310-3500 680-3600 Water, tubes(D=2.5-5.1mm,
L/D=30-565)

Krasnoshchekov 7.9,9.8 430-2520 1135-7520  COy, st. st. tube(D=4.08mm,

and L=208mm)

Protopopov(1966)

Vikhrev(1967) 24.5,26.5 230-1250 485-1900 Water, vertical st. st.
tube(D=7.85, 20.4mm, L=1.515,
6m)

Shiralkar and 7.6,7.9 125-190 680-2710 COy, st. st. tube(D=6.22mm,

Griffith(1968) L=1.52m)

Hall and 7.58 40-57 Rein=113x10" COq, tubes, upward and

Jackson(1969) downward

Ackermann(1970) 22.8-41.3 126-1730 136-2170 Water, vertical
smooth(D=9.4,11.9,24.4,L.=1.83m
;D=18.5mm, L=2.74m) and
ribbed(D=18mm, L=1.83m)

Bourke(1970) 7.44-10.32 8-350 311-1702 COg, st. st. tube(D=22.8mm,
L=4.56m), upward and downward

Tanaka(1971) 8.1 488,640 120-240 COs, tubes(D=6mm, L=1m,
surface roughness 0.2 and 14pm)

Yamagata(1972) 22.6-29.4  120-9300 310-1830 Water, vertical and horizontal
tubes(D/L=7.5,1.5)

Silin(1973) 7.9,9.8 <1100 200-2600 COq, vertical and horizontal
tube(D=2.05,4.28mm)

Fewster(1976) 7.6 10-300 180-2000 COy, vertical st. st.
tube(D=8,19mm, L=1m)

Watts and 25 175-440 106-1060 Water, vertical

Chou(1982) tubes(D=25,32.2mm, L=2m),
upward and downward

Kugarnov and 9 40-460 800-2100 COs, tube(D=22.7mm, L=5.22m)

Kaptil'ny(1992)

Fewster and 7.6 50-460 300-3300 COg, vertical st. st.

Jackson(2004) tube(D=5.08,7.88mm, L=up to

1.2m), upward and downward
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Fig. 1.11 Normal and deteriorated heat transfer regimes.
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Fig. 2.2 Front view of SPHINX.
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Table 2.1 Design condition and capacity of the SPHINX.

Design condition(working fluid : CO3)

Pressure ~12 MPa
Temperature ~80 T
Capacities of the installed components

Circulation pump 5.2(low)/22.0(high) L/min
Main heater power supply 6(DC)/12(DC)/64(AC) kW
Pre-heater 3/17 kW
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Spiral he 80 kW
Chiller 87600 kcal/hr
(a) COz circulation pump
(c) Air-driven boosting pump (d) accumulator

Fig. 2.3 Shape of installed components.
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Table 2.2 Geometries of test sections.

. : Inner dia. | Outside dia. | Thickness Length
Test section Material
(mm) (mm) (mm) (m)
4.4mm tube | Inconel 625 4.4 6.18 0.89 3
6.32mm tube | Inconel 625 6.32 9.52 1L{5 3
9.0mm tube | Inconel 625 9.0 10.86 0.93 3
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Table 2.3 Test conditions.

Unit

MPa

T
kg/m’sec
kW/m’

Condition

Inlet pressure
Inlet temperature
Mass flux

Heat flux
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g2 64499 A E 300ME/2Y £ T & v AFF=Z HFH
M EAHE FAWRFE 5242, F4FH AP FEI £E9 HolEHFF

o] 7hsa.

Table 2.4 Range and accuracy of instruments.

Measuring instrument | Range Accuracy

K-type thermocouple | 0~1260TC .
+0.75% or 2.2TC

(adhesive) (max. temp. 175Ccontinuous)
Pressure transmitter | 0~160bar(0~16MPa) +0.25% of full scale
Differential pressure

] -623~623mbar +0.055% of span
transmitter
mass flow meter 0~680kg/hr +0.15%

_31_



Control Panel

PC for DAS control Measured Signal
E E E E E E T/8 wall temperature
D E E E E E E T/5 differential pressure

T/S up & down stream pressure

-%;.,

>
< Pre—heater outlet temperature
CO2 Flowrate
DAS operation and Circ. Pump speed
Data transfer over Circulation Pump discharge pressure
IEEE-1394 serial bus Circulation Pump discharge temperature

Data transfer over
the VX! backplane
T Td KT a

Test Loop Control

Circulation pump power

FYYYY

AAAAS

To 1476A
Terminal Block

Pre-heater power

Main DC power trip (emergency)

E84018 E1411B  E1476A
Multimeter Multiplexer

Fig. 2.6 Data acquisition system.
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Fig. 3.1.1 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 285 kg/m°s.
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3.1.2 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 400 kg/m®s.
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Fig. 3.1.3 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 500 kg/m®s.

_40_



Wall Temperature[°C]

Heat Transfer Coefficient [ KW/m’K]

i  Pjp=8.12MPa, G=600kg/m23ec

160 -
140 -
120
100 S
80
60 -
i Bulk Temperature
40 < S
20 | Tpe=35.3C
| h,=340.4kJ/kg
0 , . : . : ; , : , . , .
200 250 300 350 400 450 500 550
10
9 2
| — = — 49 3KW/m
8 — > 61.8KW/m°
68.3kW/m?
77.9kW/m®
—v— 80.1kW/m?
—e— 81.6kW/m°
—<— 88.3kW/m°

] N
. > hpC:340.4kJ/kg Dittus-Boelter
0 , : , : , : , : : . , :
200 250 300 350 400 450 500 550

Bulk Fluid Enthalpy[kJ/kg]

Fig. 3.1.4 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 600 kg/m®s.
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Fig. 3.1.5 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 750 kg/m®s.
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Fig. 3.1.6 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 854 kg/m®s.

_43_



160

o] Pin=8.12MPa, G=1000kg/m?sec
— 120 +
2 ] o
o 100 *?
S i ’QQ:V
® 80 e LAl
= 7 ‘.0000’ ) Al
4 ‘0 v
g’ 60 0000000900000“v,vwﬂ"“
A ] ";','""';":"' eagaefisd / Bulk Temperature
- . ¢ [ W o
g 40 - P .@‘w%‘ gl T :
T T, =353°C
20 | ‘ e
1 h,=340.4kJ/kg
0 . , . , . , . , . , . , .
200 250 300 350 400 450 500 550
25
I
¢ ] .'1]- £yt
e 20 = { "\ — = — 49 2kW/m?
S N ) 100.5kW/m’
=] o - 118.2kW/m°
£ 15- B ~e— 128.0kW/m’
s i — v 147 .9kW/m®
D ; —+— 168.3kW/m’
8 104 i
S
.2 E LQ; . .
@ Ay ‘vv, Dittus-Boelter
) aag 28
® 5 7< 2 ot avvvvv,
- s Oootioaxh
- *e
=
Q =
L hy,o=340.4kJ/kg
—_—
200 250 300 350 400 450 500 550

Bulk Fluid Enthalpy[kJ/kg]

Fig. 3.1.7 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 1000 kg/m°s.
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Fig. 3.1.8 Effect of heat flux on the wall temperature and heat transfer

coefficient at a mass flux of 1200 kg/m°s.
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Wall Temperature[°C]
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Fig. 3.2 Effect of mass flux on the wall temperature and heat transfer

coefficient at a heat flux of 50 kW/m*
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Fig. 3.3 Effect of inlet pressure on the wall temperature and heat transfer

coefficient at a mass flux of 400 kg/m®s.
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coefficient at a mass flux of 1200 kg/m°s.
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Fig. 3.5 Effect of tube diameter on the heat transfer coefficient
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Table 3.1 Mean error and standard deviation of the predicted Nusselt number

by the correlations from the experimental ones and fractional numbers of the

data points within specified error bounds for all cases.
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