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Investigation of the Interaction between Heat TranSport Systems
during the Natural Circulation Decay Heat Removal in FBR

- Investigation of Analytical Methods
using One-dimensional Network Analysis code -

N. Kimura', M. Nishimura', K. Momoi®.
K. Hayashi' and H. Kamide'

ABSTRACT

To enhance reliability and safety of FBR, taking advantage of its inherent properties is of
importance. From this point of view, natural circulation decay heat removal (NC/DHR) has been
studied in which no active components such as pumps are used. ‘

DRACS (Direct Reactor Auxiliary Cooling System) is an option of NC/DHR systems. which
causes cold coolant flow from DHX (Direct Heat Exchanger) penetrating into inter wrapper gaps:
IWF (Inter-Wrapper Flow). Anotheér option for NC/DHR is to use PRACS (Primary Reactor -
Auxiliary Cooling System) in which no remarkable IWF occurs. -

Thermal-hydraulic behavior in the core depends on interactions among auxiliary reactor cooling
system, IHX (Intermediate Heat Exchanger), and the secondary loop during NC/DHR. Such
interactions have been studied with the test rig called PLANDTL-DHX equipped with DRACS
and PRACS. In this study, influence of operating condition of the auxiliary cooling systems and
the secondary loop of IHX were examined on the core thermal-hydraulic behaviors. ‘

In the present paper, one-dimensional network analyses using LEDHER code are reported. The
analyses were performed on steady tests using two models: a model taking account of an inter-
subassembly heat transfer only, and a model simulated both IWF and the inter-subassembly heat

transfer. The calculation method was validated through comparisons with the experimental
results. ‘

In the cases cooled by PRACS or IHX, two calculated models showed good agreements with
the experiments regarding the natural circulation flow rate, the temperature distribution in the core
and the temperature at the inlet/outlet of the heat exchangers . ‘

However, in the case cooled by DRACS operated, the model without flow pass of IWF could
not simulate the experiments with respect to the natural circulation flow rate (12% larger than
experiment) and temperature profiles in the inter wrapper gaps. On the other hand, the model
taking account of IWF simulated the experiments in good agreement about the natural circulation
flow rate ( 3% larger than experiment) and the temperature distributions in the core.

The model with IWF simulated the experimental temperature well in the inter wrapper gaps.
Thus the behavior of IWF can be estimated from the analysis result. In the model with IWF, the
vertical velocity in the inter wrapper gaps had the maximum value in the neutron shicld region,
and the velocity of the cross flow gave the maximum at the position 20cm lower from the heated
region top end. The maximum temperature in the core was shown at the position 10cm lower from
the top of the heated region both in the analyses and the experiments. The analysis suggested that
IWF penetrated to deeper position than the position of maximum temperature in the core.

In comparison of the both models, the heat removed by IWF was 36% of simulated core output
under the DRACS operation. : o

Consequently, it was confirmed that the natural circulation flow rate and thermal hvdraulics in
the core were able to be simulated with one-dimensional system dynamic analysis code.

' Reactor Engineering Section, Safety Engineering Division, O-arai Engineering Center, PNC
* Reactor Engineering Section, Safety Engineering Division, O-arai Engineering Center, PNC
(Currently, Keyo Gas corp.)
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Table 2.1  Main specifications of PLANDTL-DHX Loop

Primary Loop

Core :
Maximum power 1.2 MW
Subassembly number 7
Upper plehum
Diameter ~ 20m
Sodium level from bottom 2.6 m
UIS diameter 0412 m
Auxiliary heater power  0.68 kW
Main pipe diameter 4.
[HX
- Type | Primary side: Inside tube |
Secondary side: With baffle plate
Capacity 1.5 MW
Maximumn flow rate 1200 #/min

Secondary Loop
Main air cooler capacity 1.5 MW

Maximum flow rate 700 ¢/min

Auxiliary cooling system

DRACS
Type | Coil tube type
Capacity 0.15 MW
PRACS
Type Coil tube type
Capacity 0.15 MW
Maximum flow rate 100 ¢/min
Air cooler capacity 0.3 MW

._.21...
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Table3.1 Conditions of Natural Circulation Steady State Experiments
Case Name | Initial State (Upper Plenum) / Steady State (Lower Plenum) ' Conditions of Cooling Systems
Power (kW) Flow Core inlet DRACS System PRACS System Secondary Loop
Total | Center | Outer-1 | Outer-2 | Rate Temp. OFF | - ON OFF ON OFF | Natural
(¢/min) | (°C) | Circulation
PRACS-1S [170.3 [245 73.3 72.5 54.3 298.7 o |- — | Na:89.7¢/min | O —
PRACS-2S |143.0 | 244 59.8 58.8 52.7 297.9 O — — | Na:90.2¢/min | O —
DRACS-1S | 170.3 | 244 73.4 72.5 453 301.1 — Na:89.9¢/min | O — O —
DRACS-2S | 143.0 | 244 59.7 58.9 42.7 298.2 — Na:90.313/min O - O -
DRACS-3S | 170.1 | 244 73.3 72.4 459 2949 - Na:90.3¢/min | O - - O
(44 .3¢/min)
IHX-1S 1705 |244 |735 |726 |488  |2958 o |- o |- — |0

(61.47/min)
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Tabie 4.1 Boundary Conditions in Steady State Experiments and Calculations

Case Cooling System | Decay Heat Removal System Secondary Loop
Inlet Flow Rate | Inlet Temperature | Flow Rate
Temperature (°C) | (4/min) °O) (¢/min)

PRACS-1S | PRACS 257.5 89.9 - ' -
PRACS-2S | PRACS 261.1 90.2 - -
DRACS-1S | DRACS 182.1 89.8 - -
DRACS-2S | DRACS 197.1 90.3 - -
DRACS-3S | DRACS & IHX |266.4 90.2 291.8 44 4
IHX-1S IHX - - 300.7 62.2
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Table 5.1 Experimental and Analysis Results (Case: PRACS-1S)
Position Results Difference(%)
Experiment [Model-A |Model-B |Exp. - Model-A[{Exp. - Model-B
Flow Rate Main Loop 1.90%*] 1.91%* 191%* 04 0.6
Center S/A inlet 1.94 1.75 1.75 9.6 - 97
Outer-1 S/A nlet 1.90 1.93 1.94 2.0 - 23
Outer-2 S/A inlet 1.89 1.94 2.6
Temperature Lower Plenum inlet 298.7 314.1 3226
°C) Upper Plenum outlet 446.1 4729 481.3
Difference in R/VAT=Tpjou)-TLpjin) 147.4 158.8 158.7 7.7 7.7
Primary Loop PRACS inlet 444.1 472.9 481.3
PRACSoutlet || 3052| 3144| 3225
AT=T;;-Tou 138.9 158.5 158.8 14.1 143
Decay Heat |PRACS inlet 2575 2575 2575
Removal System |PRACS outlet 341.0 352.2 3524
AT=T - Tin 83.5 94.7 949 13.4 13.7

*Relative valuc corresponding to Full Flow rate for Demonstration FBR

o= OR0=L6-OTYENL-INd -~
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Table 5.2 Experimental and Ahalysis Results (Case: PRACS-2S)

Position Results Difference(%)
Experiment {Model-A [Model-B |Exp. - Model-A]Exp. - Modcl-B
Flow Rate Main Loop 1.85%* 1.82%* 1.80%* -1.6 -2.7
Center S/A inlet 1.81 1.67 1.69 -7.5 -6.5
Outer-1 S/A inlet 1.85 1.83 1.81 -0.3 -2.2
Outer-2 S/A inlet 1.85 ' 1.82 -1.9
Temperature Lower Plenum inlet 298.9 307.0 312.0
°O) Upper Plenum outlet 4233 446.5 4519
Difference in R/V |AT=T tpou~T1Lpjin) 124 4 139.5 139.9 12.1 12.5
Primary Loop PRACS inlet 4227 446.5 451.9
PRACS outlet 3023 307.0 312.1
AT=T;,-T,u 120.4 139.5 139.8 15.9 16.1
Decay Heat  |PRACS inlet 2614 2614 2614
Removal System {PRACS outlet 3324 341.1 340.0
AT=T, - Tin 71.0 79.7 78.6 123 10.7

*Relative valuc corresponding to Full Flow rate for Demonstration FBR
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Table 5.3 Experimental and Analysis Results (Case: IHX-1S)

Position Results - Difference(%)
Experiment |Model-A |Model-B |Exp. - Model-A]Exp. - Model-B
Flow Rate Main Loop L.71%* 1.67%* 1.67%* -2.6 -2.5
Center S/A inlet 1.72 1.53 1.54 -11.2 -10.4
Outer-1 S/A inlet 1.71 1.69 1.69 -1.2 -1.3
QOuter-2 S/A inlet 1.71 1.69 -0.9
Temperature Lower Plenum inlet 295.6 293.5 293.6
(°C) Upper Plenum outlet 456.0 474.5 4739
Difference in R/'V|AT=Tupouj T1.p[in} 160.4 181.0 180.3 12.8 12.4
Primary Loop THX inlet 4533 4745 4738
IHX outlet 298.7 293.5 293.6 ,
AT=T;,- Ty 154.6 181.0 180.2 17.1 16.6
Secondary Loop |IHX inlet 292.5 292.5 292.5
IHX outlet 428.8 4327 4324
AT=T,,-T;a 136.3 140.2 139.9 29 2.6

*Relative value corresponding to Full Flow rate for Demonstration FBR
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Table 5.4 Experimental and Analysis Results (Case: DRACS-1S)

Position Results : Difference{(%
Experiment [Model-A |[Model-B [Exp. - Model-A[Exp. - Model-B
Flow Rate Main Loop 1.59%*] 1.75%*| 1.64%* 10.1 3.1
Center S/A inlet 1.72 1.68 1.70 2.2 -1.3
Outer-1 S/A inlet 1.56 1.76 1.63 12.3 4.4
Outer-2 S/A inlet 1.57 1.63 4.1
Temperature Lower Plenum inlet 300.8 314.9 314.8
°CO) Upper Plenum outlet 311.1 314.9 3145
Difference in R/V [AT=Typ{ou Trpjin] | 10.3 0.0 -0.3
Primary Loop DRACS inlet 309.6 314.9 314.7
DRACS outlet 2413 246.8 2490
AT=T;;-Tou 68.3 68.1 65.7 03 3.8
Decay Heat |DRACS inlet 183.0 183.0 183.0
Removai System |DRACS outlet 269.2 276.2 2717.1
AT=T - Tiq 86.2 93.2 94.1 8.1 - 92

*Relative value corresponding to Full Flow rate for Demonstration FBR

9H0-26- 0T PENL-INd-———
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Table 5.5 Experiméntal and Analysis Results (Case: DRACS-2S)

Position Results Difference(%)

Experiment [Model-A |Model-B  |Exp. - Model-AlExp. - Model-B

Flow Rate Main Loop 1.50%*] 1.66%* 1.54%* 10.7 2.7

Center S/A inlet 1.57 1.61 1.64 24 4.4

Outer-1 S/A inlet 1.47 1.67 1.52 13.4 34

Outer-2 S/A inlet 1.49 : 1.53 23
Temperature Lower Plenum inlet 298.0 309.7 309.1
(°0) Upper Plenum outlet 306.7 309.7 309.3
Difference in R/V [AT=Tupjouj T Lp(inj 8.7 0.0 0.2
Primary Loop DRACS inlet 304.8 309.7 309.3

DRACS outlet 246.1 249 4 2511 7

AT=T;-Tout 58.7 60.3 58.2 2.7 -0.9
Decay Heat |DRACS inlet 197.5 197.5 197.5
Removal Svstem |DRACS outlet 26991 2758 276.3

AT=Ty-Tiq 72.4 78.3 78.8 8.1 8.8

*Relative value corresponding to Full Flow rate for Demonstration FBR

~ 9p0-L6 OTP6NL INd




Table 5.6 Experimental and Analysis Results (Case: DRACS-3S)

9¥0-L6 OTPENL ONd

Position Results Difference(%)
Experiment {Model-A {Model-B |Exp. - Model-AjExp. - Model-B
Flow Rate - Main Loop 1.61%*| 1.68%* 1.63%* 4.4 1.1
' Center S/A inlet 1.70 1.60 1.60 -5.9 -5.7
Outer-1 S/A inlet 1.58 1.69 1.63 7.0 32
Outer-2 S/A inlet 1.60 1.63] 1.6
Temperature Lower Plenum inlet 294.6 295.5 294 4
(°C) Upper Plenum outlet 356.8 356.1 356.0
Difference in R/V{AT=Typ(ou)-TLpfinj 6221  60.6 61.6 -2.6 -1.0
Primary Loop DRACS inlet 353.1 356.1 356.0
DRACS outlet 305.8 305.3 306.8
ATpracs=TiTout 473 '50.8 492 7.4 4.0
IHX inlet 355.9 3559 355.6
IHX outlet 295.8 295.6 2943
AT Tin-Touw 60.1 60.3 61.3 0.3 2.0
Decay Heat |DRACS inlet 266.1 266.1 266.1
Removal System |DRACS outlet 3257 328.0 328.6
ATpracs=Tou-Tin 59.6 619 ] 62.5 3.9 49
Secondary Loop |IHX inlet 288.6 288.6 288.6
IHX outlet 352.0 353.7 352.6
ATpr=TowTin 63.4 65.1 64.0 2.7 0.9

*Relative value corresponding to Full Flow ratc for Demonstration FBR
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Table 6.1 Calculated Heat Removal Capability of IWF for The Whole Core Region
under The Natural Circulation Condition

PRACS-1S PRACS-2S IHX-1S DRACS-1S DRACS-2S | DRACS-3S
Model-A]Model-B[Model-A[Model-B|Model-A| Model-B|Model-A{Model-B| Model-A]| Model-B Modei-AjModel-B
Center S/A |Inlet temperature(°C) 314.1 | 3226 3072 3120 293.5] 293.7| 3150 3148 | 3105} 309.2 | 2954 | 2944
“|Outlet temperature(°C) || 474.9 | 482.9 | 452.0 | 458.0 | 476.3 | 4757 | 489.4 | 467.5 | 466.8 | 447.6 476.2 | 4625
Mass Flow Rate(kg/sec)lf 0.10 0.10 0.10 0.10 0.09) 0.09 0.10 0.10 0.10 0.10 0.10 0.10
Outer-1 S/A|Inlet temperature(°C) 314.1 | 3226 307.2] 312.0] 293.7| 293.7| 3150 | 3148 | 3105} 309.2} 2954 | 2944
Outlet temperature(°C) || 472.6 | 481.1 | 4456 | 453.7 | 4743 | 473.9| 4883 | 426.6 | 461.7 | 408.1 4748 { 437.0
Mass Flow Rate(kg/sec)ff 0.69 0.35 0.66 0.32 0.61 0.30 0.63 0.29 0.60 0.27 0.61 0.29
Outer-2 S/A|Inlet temperature(°C) |- 322.6 |- 312.0 |- 293.7 |- 314.8 |- 3092 |- 2944
Outlet temperature(°C) fi- 481.0 |- 454.2 1- 4739 |- 4265 |- 408.2 |- 436.9
Mass Flow Rate(kg/sec)li- 0.35 |- 0.33 |- 0.30 |- ' 0.29 |- 0.27 |- 0.29
Heat Quantity (kW) 167.8 1 167.5 091 1419 1679 1678} 1673 | 107.3 | 140.1 90.1 ] 1679} 1328
Removal Heat by IWF (kW) 0.3 -1.0 0.1 60.1 50.1 35.1
Ratio of Removal Heat bv IWF to
Total Heater Output (%) 0.2 -0.7 0.1 357 355 20.9

9¥0-L6 OTVENL INd
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Table 6.2 Calculated Heat Removal Capability of IWF for The Heated Region of The |
Core under The Natural Circulation Condition '

DRACS-3S

PRACS-1S PRACS-2S IHX-1S DRACS-1S ‘DRACS-2S
Model-A[Model-B|Model-A]Model-B|Model-A|Model-B|Model-A{Model-B Model-A]Model-B{Modci-AjModei-B
Center S/A |Inlet temperature(°C) 314.1 1 322.6 | 3072 3120 2935} 293.7 | 3150} 3148} 3105 309.2 | 2954 | 2944
Outlet temperature(°C) || 478.2 | 486.7 | 461.6 | 466.1 | 479.9 | 4819} 490.8 | 4954 | 475.1 | 477.0| 478.2 | 480.0
Mass Flow Rate(kg/sec)f 0.10 0.10 0.10 0.10} 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.10
Outer-1 S/A|Inlet temperature(°C) 314.1 ) 3226 3072 312.0] 293.5| 293.7| 3150 3148 3105 3092 | 2954 | 2944
Outlet temperature(°C) || 472.1 | 4806 | 4444 | 4535 | 4737 | 473.6 ] 488.1 | 4955 ] 461.0 | 469.0 ]| 4744 | 478.6
Mass Flow Rate(kg/sec)l] 0.69 0.35 0.66 0.32 0.61 0.30 0.63 0.29 0.60 0.27 0.61] 029
Outer-2 S/A|Inlet temperature(°C) |- 3226 |- 312.0 |- 293.7 |- 314.8 |- 3092 |- 294 4
Outlet temperature(°C) |- 480.6 |- 454.2 1- 473.6 |- 4954 |- 469.0 |- 478.6
Mass Flow Rate(kg/sec))|- 035 |- 0.33 |- 0.30 {- 0.29 |- 0.27 |- 0.29
Heat Quantity (kW) 1678 | 1676 | 141.1 | 14291 168.6 | 1683 | 1673 | 163.7| 140.6 | 137.6 | 167.8| 1670
Removal Heat by IWF (kW) 0.2 -1.8 ' -0.3 3.6 3.0 0.8
Ratio of Removal Heat by IWF to ,
Total Heater Output (%) 0.1 -1.3 -0.2 2.2 2.1 0.5

9%0-L6 0T¥6NL ONd
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Fig. 2.1 Flow diagram of PLANDTL-DHX
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Fig. 2.2 Thermocouple Location in Test Section
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Fig.1 Comparison of Experiments and Analyses
for Flow distribution to S/As
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