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Stratification morphology of a molten pool under severe reactor accident was investigated by the CESEF experimental facility. The experimental scale was 5,000 g, the atomic ratio of U/Zr was 1.5, the content of stainless steel was 10%, and the oxidation degree of Zr was 40–100%. It was shown that the molten pool was obviously stratified within the range of experimental parameters; one was a metal layer, and the other was an oxide layer. The layered morphology of the molten pool was different with the composition of different corium. With the decrease in the Zr oxidation degree, the metal layer moved downward in the molten pool, and the molten pool would overturn. The main elements in the oxide layer were U, Zr, and O, and the content of stainless steel was low. The main element in the metal layer was stainless steel and contained a certain amount of U and Zr.
Keywords: stratification morphology, prototype material, molten pool, severe accident, experimental
INTRODUCTION
In the severe accident of a nuclear reactor, such as the Fukushima Daiichi NPP (nuclear power plant), the fuel and structural materials in the core had been melted (Report of Japanese Government to the IAEA Ministerial Conference on Nuclear Safety, 2011). The molten materials (UO2, Zr, ZrO2, stainless steel, etc.) were heated up and melted by decay heat as the coolant in the pressure vessel was depleted. Finally, a molten pool with U-Zr-Fe-O as the main element is formed. The configuration of the molten pool, so called corium, as it affects the failure mechanism of the pressure vessel. The thermodynamic properties of the melt determine that the molten pool will be stratified at the lower head of the pressure vessel, and the stratification morphology of the molten pool determines the heat distribution of the lower head, which is one of the key factors of IVR (retention in the melt stack) strategy. For a long time, the stratification form of the molten pool has been a hot and difficult point in the field of severe accidents at home and abroad.
It was suggested that the compositions of the molten pool formed at the late phase of a severe accident would be in the domain of the miscibility gap of the U-Zr-Fe-O phase diagram, and two immiscible liquid phases will be formed (Theofanous et al., 1997). Edwards (Edwards and Martin, 1966), Hirotomo (Ikeuchi et al., 2020), Guéneau (Guéneau et al., 1998), Bakardjieva (Bakardjieva et al., 2010), Pierre Yves (Chevalier et al., 2004), and Pascal Piluso (Pascal et al., 2005) found that the U-O binary system will be divided into two layers, and Guéneau (Guéneau et al., 1998), Jinho Song (Song et al., 2020), and Bechta (Bechta and Granovsky, 2008) found that the U-Zr-O ternary system will also be divided into two layers. The thermodynamic database of the U-Zr-Fe-O-B-C-FPs complex system is established by the SGTE (scientific group thermodata Europe) database (Fukasawa et al., 2005), and the calculated results are consistent with the experimental data of MASCA (Fukasawa and Shigeyuki, 2012). Bechta (Bechta et al., 2005) supplemented and revised the European nuclear database (NUCLEA) with the help of the experimental data of CORPHAD and METCOR projects, providing a more accurate model for the thermodynamic calculation of the melt.
The RASPLAV project (Asmolov and Behbahani, 2000; Bechta and Khabensky, 2001; Bechta and Khabensky, 2006) carried out experimental research with prototype melt materials and found that the bottom of the molten pool was rich in U and the top was rich in Zr. In the MASCA project (Asmolov, 2004; Tsurikov et al., 2007), three different melting pool stratification forms were found, namely, the molten pool with the metal layer above and the oxide layer below, the molten pool with the metal layer below and the oxide layer above, and the molten pool with the metal layer suspended in the oxide layer. The South Korea COSMOS project (Kang and Park, 2014) found that the molten pool presents a three-layered structure, with a metal layer in the upper part and an oxide layer and some heavy metals in the lower part. The EU IVMR project (Almjashev et al., 2018) studied the layered inversion phenomenon of the molten pool and also found the stratification morphology of the three-layered molten pool. Masahide Takano (Takano et al., 2014) and other experiments on the Fukushima Daiichi nuclear accident show that the molten pool is divided into a metal layer (Fe-Cr-Ni-U-B-C) and an oxide layer (U-Zr-O). Sang Mo (Sang et al., 2016) also carried out experimental research on the prototype melt materials for the Fukushima Daiichi nuclear accident and found that the molten pool was divided into two layers, with a metal layer at the top and an oxide layer at the bottom.
In this study, the configuration of the molten pool for a typical Hualong nuclear reactor composition was investigated by a melting and solidification experiment using an induction heating technique in a cold crucible. The physical and chemical analyses were conducted for the samples taken from the solidified corium ingot to investigate the morphology and chemical composition at each position.
EXPERIMENTAL METHODS
Experimental Setup
The CESEF facility is designed to investigate the stratification of the molten pool at the lower head of the pressure vessel under severe accident, which adopts an electromagnetic induction heating technique with a cold crucible. This technique has been optimized for melting of various reactor materials ranging from a metallic mixture of Zr and stainless steel to an oxidic mixture of UO2 and ZrO2, which are the prototypic reactor materials (Sang et al., 2016). The cold crucible consists of a copper plate and an induction coil. The copper plate is forced to circulate to provide cooling. The induction coil is located to provide induction heating by using a high frequency generator. A high frequency generator was designed to supply power up to 400 kW with 100 kHz. However, the frequency could change depending on several factors, such as crucible dimensions, induction coil turns, and melting materials, and so on (Sang et al., 2016). The cold crucible is installed in the inerting chamber and has a diameter of 110 mm and a height of 170 mm. A schematic diagram of the facility is given in Figure 1. There is a window at the top of the inerting chamber to measure the temperature of the molten pool, which adopts two-color infrared. The temperature measurement rang of two-color infrared is 1,500–3,500°C, and the measurement accuracy is ± 1.5%. Argon gas is purged into the inerting chamber through a tube at the bottom of the inerting chamber.
[image: Figure 1]FIGURE 1 | Schematic diagram of the CESEF facility.
Figure 2 shows the melt generation behavior along with the supplied voltage. The voltage increased by 10–20 V every 2 minutes. When the voltage was about 140–160 V, the Zr ring started to light up. After 200 V, the molten pool started to melt, the current decreased, and the power decreased. It was held for 2 h, and the experiment was ended.
[image: Figure 2]FIGURE 2 | Morphology of the corium ingot after the experiment (2).
Experimental Materials
The cold crucible was filled with a mixture of UO2 pellets, ZrO2 powder, Zr pellets, and stainless steel pellets. The composition of the prototype material is usually defined by the atomic molar ratio (RU/Zr) of U and Zr, the oxidation ratio (Cn) of Zr, and the mass ratio (XSS) of stainless steel to the prototype material. Assuming that the mass of each component in the prototype material is mi, i 
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Parameter

Temperature (7]

Pressure [o]

Density [¢]

Dynamic viscosity [1)

Specific heat capacity at constant pressure (C]
Thermal conductivity [1]

Thermal expansivty [y]

Local acoustic velocity [c]

Unit

Value

750
7

3.2682
4.6983 x 10°°

5193.1

0.36983
9.6858 x 10~

1896.6
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Parameter Value

Length (mm) 2100
Inner diameter of primary-side hot helium inlet (mm) 750
inner diameter of upper chamber (mm) 3220
Inner diameter of flow homogenizer (mm) 1250

Flow homogenizer thickness (mm) 10
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Case Mass flow rate of heat exchange unit/kgs™* Maximum  Standard
No. deviation/  deviation

1 2 3 4 5 6 7 8 9 10 1 12
%
19 5.364 4.884 5.192 5.162 5.262 4.941 4.890 5.131 4.992 4782 5.161 5.176 11.52 0.1684
12 5.044 4.878 5.198 5.098 5.240 4.898 5.048 5121 4.990 4.890 5.135 5.189 7.16 0.1199
20 4.984 4.908 5.180 5.064 5.230 4.872 5.008 5119 4.975 4977 5.100 5.176 7.09 0.1086
21 4.966 4.936 5178 5.064 6.216 4.904 5.082 5129 4.988 5.002 5.102 5.163 6.18 0.0971
22 4.964 4.824 5.186 5.040 5.222 4.959 4.986 5.135 4.992 5.050 5.090 5.170 7.88 0.1101

23 4.980 4.820 5.202 5.034 5.230 4.998 4.952 5.136 4.992 5.024 5.090 5.175 8.11 0.1134
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Case No. Square holes near the inlet side Square holes away from the inlet side End-wall circular
hole diameter/mm

Row Side length/mm Prcar/mm Row Side length/mm Paway/mm

19 12 5

12 10 6

20 8 7

21 6 70 x 50 100 8 50 x 50 200 @20
22 4 9

23 2 10

For the No.19-23 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 8.





OPS/images/fenrg-10-925380/fenrg-10-925380-t006.jpg
Case Mass flow rate of heat exchange unit/kg-s™' Maximum Standard
No. deviation/ deviation

1 2 3 4 5 6 7 8 9 10 1 12 %
1 5148 4888 5242 5158 5218 4913 5115 5129 4876 4830 5134 5175 8.15 0.1411
12 5.044 4.878 5.198 5.098 5.240 4.898 5.048 5121 4.990 4.890 5.135 5.189 7.16 0.1199
18 5048 4848 5190 5098 5258 4887 5021 6114 5042 4882 5139 5195 811 0.1270
14 5.018 4.844 5.200 5.002 5.266 4.871 4.986 5111 5.009 4919 5.123 5.180 8.35 0.1275
15 5020 4824 5204 5102 5234 4864 4961 5097 5141 4947 5115 5184 811 0.1282
16 4.988 4.816 5.146 5.106 5.236 4.861 4.930 5.080 5.208 4.941 5.095 5.239 8.37 0.1387
17 4958 4810 5126 5114 5252 4861 4900 5053 5280 4944 5109 5223 9.30 0.1507

18 4916 4.848 5.076 5.134 5.282 4.886 4.855 5.027 5.331 4937 5117 5.218 9.56 0.1608
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Case No. Square holes near the inlet side ‘Square holes away from the inlet side End-wall circular
hole diameter/mm

Row Side length/mm Prcar/mm Row Side length/mm Paway/mm
1 Closed
12 @20
13 @25
14 10 70 x 50 100 6 50 x 50 200 @30
15 @35
16 40
17 45
18 50

For the No.11-18 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 6.
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Case
No.

A Ul

Mass flow rate of heat exchange unit/kgs™*

4510
7.212
4.776
4.818
4.730
4.530
4.790
4.832
4732
4.534

4.856
4.906
4.952
4.946
4.938
4.900
4.926
4.946
4.954
4.908

5120
5470
6172
6.068
5.800
5674
6.160
6.054
5814
5670

5.824
5.636
5.424
5.364
5.376
5.466
5.424
5.364
5.388
5.466

5

6.302
5.932
5.518
5.440
5.538
5.684
5.520
5.440
5.552
5.676

6

4.994
4.422
5.006
5.063
5.063
5.041
5.009
5.063
5.061
5.046

7

4.302
4324
4515
4524
4.480
4.431
4520
4538
4.468
4.420

8

4.496
5.199
5.048
4.976
4722
4.608
5.050
4.995
4.709
4619

5.416
5.809
5.100
5.273
5.563
5.778
5.101
5.243
5.576
5.780

10

5074
3.809
4861
4.840
4871
4912
4857
4843
4873
4.908

1

4.939
5131
4.708
4734
4.774
4.782
4701
4722
4779
4.776

12

5.473
4.729
5.251
5.283
5.335
5.322
5.263
5.278
5.314
5.324

Maximum
deviation/
%

39.58
67.62
32.79
30.66
26.12
26.66
32.46
30.00
26.63
26.92

‘Standard
deviation

0.5519
0.8581
0.4213
0.3914
0.3956
0.4571
0.4195
0.3850
0.4015
0.4563
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Case No.

e e e i

Cylinder-wall square holes

Characteristic

No flow homogenizer
Baffie

UASHs in the iniine
arrangement

UASHs in the staggered
arrangement

Row Side length/mm

21 70 x 50

Spacing/mm

100

End-wall circular hole
diameter/mm
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Case No.

20
21
26
27
28
30
32
33

Standard deviation

0.1086
0.0071
0.0097
0.0089
0.0942
0.0850
0.0865
0.0074

Maximum deviation/%

7.09
6.18
6.69
6.41
6.06
5.50
5.11
6.08

Resistance coefficient

763
781
797
8.14
9.50
10.92
1361
22.42

Flow area ratio

of square holes
on both sides

1.60
1.05
0.63
053
164
118
0.70
125
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Case Mass flow rate of heat exchange unit/kgs™* Maximum  Standard

No. 1 2 3 4 5 6 7 8 9 10 1 12 devioa/ﬁon/ deviation
o
21 4.966 4.936 5178 5.064 5.216 4.904 5.082 5.129 4.988 5.002 5.102 5.163 6.18 0.0971
28 4.900 5.206 4994 5.026 5.142 4.995 4.996 5.058 4.911 5121 5.133 5.161 6.06 0.0942
29 4828 5238 4928 5024 5230 5226 4893 5018 5022 6175 5017 5022 811 0.1315
30 4910 5.086 5.010 5.004 5.150 5.019 5.007 5.066 4.912 5.075 5.188 5.152 5.50 0.0850
31 4848 5112 4946 5036 5188 5219 4907 5040 4978 5127 5046 5119 7.34 0.1079
32 4.932 4.978 5.056 4.974 5.180 5.001 5.028 5.095 4.922 5.063 5179 5.150 511 0.0865

33 4870 5026 4974 4948 5154 5153 4951 5063 4947 5120 5103 5177 6.08 0.0974
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Case No.

Square holes near the inlet side

Square holes away from the inlet side

Row

21
28
29
30 6
31
32
33

Side length/mm

70 x 50
70 x 50
70 x 50
60 x 40
60 x 40
50 x 30
50 x 30

Prear/mm

100

Row

Side length/mm

50 x 50
40 x 40
30 x 30
40 x 40
30 x 30
40 x 40
30 x 30

For the No.28-33 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 12.

Paway/mm

200

End-wall circular
hole diameter/mm

20
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Case Mass flow rate of heat exchange unit/kgs™* Maximum  Standard

No. 1 2 3 4 5 6 7 8 9 10 11 12 devi:/ﬁon/ deviation
21 4966 4936 5178 5064 5216 4904 5032 5129 4988 5002 5102  5.163 6.18 0.0971
24 4.932 5.248 4964 4.998 5.166 5.101 4917 5.049 4.906 5.164 5.061 5.162 6.73 0.1053
25 4884 5224 4984 5030 5146 5037 4970 5046  4.887 5144 5106 5177 6.77 0.1091
26 4.972 4.884 5.184 5.056 5.222 4.967 5.009 5.130 4.982 4.994 5.093 5.167 6.69 0.0097

27 4.970 4.904 5.192 5.048 5.228 4.977 4.998 5.129 4.978 4992 5.087 5.168 6.41 0.0989
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Case No. Square holes near the inlet side Square holes away from the inlet side End-wall circular hole
diameter/mm

Row  Side length/mm  Ppoo/mm  Hole number ~Row  Side length/mm  Pyy,/mm  Hole number

21 50 50
24 50 30
26 6 70 x 50 100 50 8 50 x 50 200 25 20
26 30 50
27 25 50

For the No.24-27 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 10.
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Case
No.

Couple
30
Couple

Mass flow rate of heat exchange unit/kgs™*

7212
5.150
4910
5048

4.906
5.050
5.086
5.062

5470
5072
5010
5.050

5.636
5.080
5.004
5.054

5

5932
5.008
5.150
5.060

6

4.422
5.027
5.019
5.051

7

4.324
5.026
5.007
5.047

5.199
5.057
5.066
5.063

5.809
5075
4912
5.047

10

3.809
5.000
5.075
5.062

1

5.131
5.066
5.188
5.062

12

4.729
5.083
5.162
5.056

Maximum
deviation/
%

67.562
297
5.50
0.30

Standard
deviation

0.8581
0.0877
0.0850
0.0046
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Parameter

Heat source power
Turbine power

Main compressor power requirement
Recompressor power requirement
HTR heat transfer power

LTR heat transfer power

Precooler heat transfer power

Splt ratio

CO, mass flow ratio

Cooling water mass flow ratio

Cycle net-work

Cycle thermal efficiency

Value

780.0 kW
381.7 kW
474 kW
86.2 kW
2,197.4 KW
696.5 kW
543.4 kW
06
5.77kg/s
10.00 kg/s
2485 kW
31.85%
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i e o LR i e

Sandia temperature

()

305.0
324.0
389.0
389.0
698.0
810.0
750.0
418.0
335.0
391.0

Calculative temperature

(c

305.3
323.6
391.9
391.2
696.6
808.7
748.9
416.9
335.2
389.8

Relative difference

(%)

0.10
-0.12
075
056
-0.20
-0.16
-0.17
-0.26
-0.06
-0.31

Sandia

Pressure (MPa)

7.76
13.84
13.73
13.61
13.60
13.50
7.89
7.82
7.76
13.73

Calculative pressure
(MPa)

7.70
1381
1871
1371
1357
13.50

7.89

7.83

777
1374

Relative difference
(%)

-0.77
0.22
-0.15
0.74
-0.22
0.00
-0.01
0.13
0.13
0.07
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Ratio to Reactor L1 (%) L2 (%) L-3 (%) L-4 (%)
Inlet Velocity

One-shut 0 120 120 120
5% offset 104 99 99 99
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Ratio to L1(%)  L-2(%)  L3(%) L4(%) Re®
Reactor Inlet

Velocity

Standard 100 100 100 100 1.34x10°
Low flow 60 60 60 60 7.54x10°
High Flow 120 120 120 120 1.64x10°

*The inlet of mock-up reactor is selected as reference cross section to calculate reference
velocity.
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Measurement

Turbine flowmeter (loop)
Turbine flowmeter (dummy fuel assembly)
Thermocouple

Pressure transmitter

Measuring Range

90-500 m*h
580 m*h
0-100C
0-1.6Mpa

Uncertainty (%)

0.5
1
0.5
0.5
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Design Parameter

Design pressure
Operation pressure

Design temperature

Operation temperature

Normal mass flow rate of single pump
Pump head

Value

1.6 MPa
1.2 MPa
100°C
80C
800 m°h
1om
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Parameter and Dimensionless
Number

Temperature [C]
Pressure [MPa)
Length ratio
equivalent diameter ratio
roughness ratio
Velocity ratio
Density ratio
Viscostty ratio
Re ratio

AP ratio

Eu ratio

The italic values are the dimension of the parameters.

ACP100

303

Scaling Ratio

“Bicsemmr
IS

Model

20

13
13

1.39
11.49
1/24.80
1.39
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Physical quantity

T(h, p)
p(h, p)
Co (h, p)
h(T, p)
\(p. T)
n(p, T)

Calculation time (ms)

CTR

Fitted model

283
323
317
254
254
131

Interpolation method

34
28
23
29
28
25

Span-Wagner
+ Vesovic model

806068
786252
808804
1125590
841422
776509

Fitted model

28483
24342
25514
44315
33127
59275

Interpolation method

237079
280804
351654
388134
300508
310604
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Physical quantity

T(h, p)
p(h, p)
o (h, P)
h(T, p)
A(p. T)
np. T

AE o5 of the fitted

model (%)

0.1390
0.3000
1.1340
0.7530
0.6790
0.0243

AEqax of the
interpolation method (%)

0.1945
1.1233
20117
0.7591
1.1628
0.1873
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Maximum number of decimal digits of coeffi

Average of relative errors from standard data (%)

hip,T)
T(h.p)
p(h.p)
S (h,p)
Ap.T)
1(pT)

0.1

64.62139
57.79155
219.8697
112.5528
20.49005
17.9272

0.01

6.924607
5.247569
21.96921
10.94899
5.110065
4332717

0.001

0.706943
0.663925
1.818924
1.254259
2.711198
2.351954

0.0001

0.091127
0.19348
0.262511
0.170878
2.453105
2.07974

0.00001

0.061878
0.150844
0.140797
0.130468
2.447142
2.067038
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Do

-0.07622
1.34854
-0.54067
0.12929

Dt

0.23975
-0.6812
0.81125
-0.32631

D2

0.04682
1.31995
-1.62115
0.69507

Dis

0.28700
-1.11705
153517
-0.74812
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Dio

1.73319
-12.30436
33.86575
-36.66537
13.23967

Dit

-36.88377
241.20760
-565.82226
562.24250
-199.62677

D2

202.20690
-1256.10471
2821.67532
-2684.92673

908.88515

Dis

-354.37541
2134.20547
-4583.30612
4089.19850
-1265.87906

Dis

156.08372
-845.03747
1513.56125
-928.21944

66.71366
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-1.42101
8.72986
-19.46200
11.08749
-0.97826

Dit

9.67303
-48.26339
104.01501
-59.74007

5.57283

D2

-18.02611
97.33641
—-206.00900
119.21196
-11.64132

15.97775
-86.65223
179.22737

-104.40354

10.58920

Dia

-56.19521
27.84470
-57.80601
33.86865
-3.54565
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—-442.48715
2776.18208
-6556.89741
3839.11215
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-2075.59975

Dz

966.46759
-5761.21712
12144.03687
-2038.16407

~12470.44310
7226.02384

Dis

-1004.94280
5524.98006
-9327.54913
~7565.71111
23962.92490
-11644.52629

Dia

488.94838
-2319.84029
1960.78820
11258.16620
-20272.26838
8902.51944

Dis

-86.68895

285.24633

498.64679
~4449.55008
6368.83762
-2618.48425
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X Pe Meshes/million Single-step iteration duration/s Memory usage/MB
1.25 1,000 1.40 10.19 2,459
731 2,107
1.34 1,000 2.46 21.83 3,766
17.42 3,458
1.46 1,000 4.24 43.56 5,500

37.68 5311
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551141
-31.90696
116.86343
-84.53118
-26.86934

29.46078

Dt

-30.68877
177.99507
-597.69806
2765.28642
388.49330
-254.14657

Dz

66.27682
-367.93354
1138.11163

-24.97488
-1538.70210
812.50139

Dis

-69.14811
351.83442
-963.95423
-807.41087
2628.70703
-1232.66205

Dis

34.62849
-149.98417
317.08842
1018.07080
—-2067.58415
899.00831

Dis
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-0.87811
419127
1.11324

-6.78545
3.22732

Diy

3.58799
-15.32662
-14.17288

41.41008
-18.53626
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-2.79791

19.82254
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-91.03666
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114141
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-0.06412
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Model

T(h.p)
p(h.p)
Co (h,p)
h(p,T)
Ap.T)
n(p.T)

x

/(990 kJ/kg)
/(990 kJ/kg)
h/ (990 kJ/kg)
T/(780K)

/(480 kg/m?)
p/ (480 kg/m?)

y

p/(20MPa)
p/(20MPa)
p/(20MPa)
p/(20MPa)
T/(780K)
T/(780K)

z

T/(780K)

p/ (480 kg/m3)

o/ [2.4KJ/ (kg - K)]
h/ (990 kJ/kg)
M[60mW/ (m - K)]
W/ (40uPa-s)

-

S e ol g
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No. TIK p/MPa Absolute error/kJ-(kgK)™" No.
1 304.15 74 5.908 8

2 305.15 76 5.040 9

3 305.15 78 1.183 10
4 307.15 78 2.088 £ 172

5 307.15 8 0918 12
6 311.15 9 0.277 13
7 313.15 9 1.220

TK

323.15
323.15
333.15
333.15
343.15
353.15

p/MPa

10
12
12
14
14
14

Absolute error/kJ-(kgK)™*

0.072
0.064
0.046
0.040
0.013
0.026
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Model
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Sample No U (wt%) Zr (wt%) Fe (wt%) Cr (wt%) Ni(wt%) Total (at%) U/zr

=i 017 56.40 7.50 7.60 0.34 72.08 0.00
12 20.30 54.50 0.62 1.00 0 76.39 0.14
13 42.90 2.50 25.30 6.10 1.70 78.50 6.56
1-4 74.60 4.70 3.00 2.60 0.13 86.07 6.07
1-6 16.20 59.90 057 0.64 0.06 76.31 0.10
1-6 57.00 17.10 480 3.40 0.12 8243 1.27
1=¢ 63.20 14.70 350 1.70 0.13 83.16 1.64
1-8 60.50 16.40 430 1.30 0.61 83.09 1.41
1-9 63.90 15.40 270 1.60 0.12 8367 1.59
1-10 64.00 13.50 390 2.00 0.30 83.69 1.81
1-11 63.00 16.40 240 1.60 0.16 8345 1.47
1-12 66.90 1220 340 1.70 0.13 84.31 2.10
1-13 5.60 1.30 62.20 2.50 12,60 84.20 1.65
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Condition u/zr Cn(%) Xss (%) Total(g)

15 100 10 5,000
2 15 80 10 5,000
3 15 40 10 5,000
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Parameters

Reactor core power
Operating pressure
Coolant inlet temperature
Coolant outlet temperature
Coolant mass flow rate
Average flow rate

Value

100 MW (th)
1.15 MPa
553K
593K
973 kg/s
143 m/s
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Parameters Value

UC fuel pellet diameter 5.14 mm
Gas gap He
Gap widh 0.080 mm
Zr-4 cladding thickness 0.60 mm
Overall fuel diameter (fuel pellet + gap + Zr-4 cladding + graphite cladding) 95mm
Fuel rod pitch 12.59 mm
Fuel assembly pitch 21508 cm
Barrel inner diameter 188 cm
Barrel outer diameter 198 cm
Reactor vessel inner diameter 260 cm

Reactor vessel outer diameter 310cm
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Name Heat flux Rs Mass flux Rs Pressure Rs

SM1 0.072 0.682 0.16
SM2 0.060 0.566 0.16
SM3 0.058 0.553 0.16
SM4 0.060 0.567 0.16

SM5 0.056 0.532 0.16
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Data bank Dy [mm] Parameters Points number
Pressure [VPa] Mass flux [kg/(m?s)] Heat flux [kW/m?] Quality [ - ]

KIT 10 1.1,16,28 300-1,500 30-140 0.28-1.76 1820
Becker 10, 149 3-16 500-3,100 147-1,295 0.3-1.35 2930
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Parameters

Maximum line power density (KW:m™)

Maximum temperature of fuel pellet (K)

Maximum surface temperature of Zr-4 cladding (K)
Maximum surface temperature of graphite cladding (K)
Coolant flow rate (m-s™")

Coolant outlet temperature (K)

Before coupling

9.34
954.4
822.2
806.3
1.795
593.15

After coupling

9.09
946.8
818.2
802.6
1.770

593.15
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Plants Country Power (MW) ROT (C) Heat application
In early operation

Dragon United Kingdom 20 750 Steam turbine cycle power generation
AVR Germany 46 950 Steam turbine cycle power generation
Peach Bottom United States 115 728 Steam turbine cycle power generation
Fort St. Vrain United States 840 785 Steam turbine cycle power generation
THTR Germany 750 750 Steam turbine cycle power generation
In operation
HTTR Japan 30 850/950 Test
HTR-10 China 10 700 Steam turbine cycle power generation
In construction
HTR-PM China 2% 250 750 Grid connected power generation
Early design projects.
HTR-Module Germany 200 700 Steam turbine cycle cogeneration
HTR 100 Germany 250 750 Steam turbine cycle cogeneration
HTR 500 Germany 1250 750 Steam turbine cycle power generation
HHT Germany 1500 850 Helium turbine power generation
PNP 500 Germany 500 950 Steam turbine cycle cogeneration
PBMR South Africa 200/450 700/900 Steam turbine cycle cogeneration/helium turbine power generation
HTGR-GT United States 400 x 3/600 x 2 850 Helium turbine power generation
MHTGR United States 350/450 687/850 Steam turbine cycle cogeneration/helium turbine power generation
ANTARES France 600 850 Combined cycle power generation/hydrogen production
INCOGEN Netherlands 40 800 Steam turbine cycle cogeneration
ACACIA Netherlands 60 900 Steam turbine cycle cogeneration
Current design projects
GT-MHR United States/Russia 600 850 Helium turbine power generation/hydrogen production
GTHTR300 Japan 600 850 Helium turbine power generation/hydrogen production
HTR-10GT China 10 750 Helium turbine power generation

NGTCC United States 350 950 Helium/steam turbine combined cycle
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6 12-14 Stas =Sz
7 14-15
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10 13-17

11 17-11 Sits =807
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Constrains ATc 230°C, ATy 230°C, ATy, 2 15°C
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Calculation conditions: ROT, 950°C; P;2, 18 MPa; AT¢ = ATg ops; Ts:
the second extreme value of combined cycle efficiency

Ti2.00tP1a = Praopti 1 EVis at the maximum value of combined cycle efficiency; 2 EV is at

y ATerC Tl C Pyo/MPa Tu/'C Hocl% gt % PR
1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV
2.50 86 30 506 452 0427 0421 1085 1070 5211 5185  1690/4237  19.26/4037 0324 0371
2.52 88 30 594 448 0419 0115 1065 1056 5209 5187  1697/42.30  19.42/4028 0326 0374
2.54 2 30 502 444 0411 0109 1045 1040 5208 5190  17.04/4224  19.59/40.18 0327 0377
2.56 % 30 580 440 0119 0101 1065 1019 5206 5192 17004224  1977/4008 0327 0381
2.58 % 30 587 437 0411 0103 1045 1025 5204 5195  1706/4217  19.854004 0328 0382
2.60 % 30 585 433 0403 0093 1023 996 5202 5197 17134210  2006/3991 0329 0386
262 30 95 430 582 0093 0102 996 1021 5199 5199  2017/39.87  17.15/4205 0388  0.330
2.64 30 97 426 580 0081 0094 958 999 5202 5196  2041/3971  17.21/41.98 0302 0331
2.66 30 98 423 578 0079 0095 951 1002 5204 5193  2054/39.64  17.194196 0395 0331
268 30 100 420 576 0076 0088 939 981 5207 5190  2060/3056  17.24/41.88 0397 0332

270 30 102 418 573 0083 0.080 06.5 954 52 09 51 87 20.69/30 59 17.32/41 78 0397 0.334
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Runi# Inlet pressure Heat flux Inlet liquid Inlet subcooling Max void

(kPa) (kw/m?) velocity (m/s) ) fraction
1 2326 68 095 535 061
2 273.0 90 125 595 052
3 2487 56 068 647 055
4 489.9 90 1.32 5.12 031
5 200.8 90 1.33 404 024
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Analytical correlation with Rosin-Rammier distribution (Zhu et al., 2020) _ goreni-GR)
iy
Empirical Correlation (Zhu et al,, 2020) 07" epl-b0]

X =8 5T B  Gip e BT
.25, b = 0.780, a = 0,808
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