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R OSA -lV / L S T F自然循環実験ST-NC-02 

のRELAP5 /MOD 2コードによる実験後解析

日本原子力研究所東海研究所原子炉安全工学部

Christian CHAULIAC事・久木悶 登

川路正裕叫・中村秀夫・田坂完二

( 1988年 9月28日受理〕

ROSA-lV計画の大型非定常試験装置 (LSTF)による自然循環実験ST-NC-，-02を計算コ

ード RELAP5 /MOD 2 ( Cyc le 36.00) Iとより解析した結果を報告する。実験は 1次系質量イ

ンベントリを 1009掛から 2396まで段階的に減らし，それぞれの段階において定常状態を達成す

る乙とにより行った。

計算結果は，質量インベントリ 80-9H仰とおいて循環減量を過大評価1.".また炉心ドライア

ウトが開始する質量インベントリの値を過大評価した。

これらの相違の原因を感度解析によって調べた結果.以下の 3点lζ関して問題があるととが明

らかとなった。

(1) 圧力容器炉心部の相間摩擦及ひF圧力損失の予測

(2) S G細管の並列チャンネノレ挙動のモテツレ化

(3) SG入口プレナム及びホットレグとの後続部における相間摩擦の予測

本研究は，主著者 (C.chauliac)が.原研の ROSA-IV計画とフランス原子力庁 (CEA)のBETHSY

-CATHARE計画I(関する相互重参加ならびに技術協力I(関する原研と CEAとの聞の協定I(基づく駐在員

として原研に在任中(昭和60年 7月-61年7月)になされたものである。

・仏国CEA

-・トロント大学
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1. Introduction 

In December 1985, the ROSA-IV/LSTF Program conducted two natural 

circulation tests: ST-NC-01 (with 5% core power) and ST-NC-02 (with 2% 

core power). During these tests many steady-state stages were obtained at 

different primary inventories, which was decreased stepwise. 

The same qualitative results as on FKL [5], Semiscale [6] and LOB I 

[7] were obtained: when the primary Inventory decreases from the initial 

value of 100% the loop flow pattern shifts from single-phase natural 

circulation to two-phase natural circulation. The core flow rate 

increases due to the increase in the static head difference between the 

downcomer and the riser in the vessel and between the upflow and downflow 

sides of the steam generator U-tubes. Wt : the primary inventory drops 

further, the core flow rate decreases due to the increase of the void 

fraction at the top and in the downflow side of the steam generator U-

tubes. Some additional decrease in the primary inventory leads to the 

interuption of the natural circulation at the top of the SG U-tubes and 

the flow regime shifts to the reflux condensation mode. Finally, as the 

primary inventory goes on decreasing, core dryout occurs. 

The knowledge of the facility response gained through the first 

natural circulation experiment (ST-NC-01) permitted to better conduct the 

second experiment (ST-NC-02). For this reason, this latter experiment was 

chosen to perform the post-test analysis. 

This report presents the results of the calculation which was done 

with RELAP5/M0D2 Cycle 36.00. First the conditions of the calculation are 

presented. Then the results of the basic calculation are discussed. 

Finally the presentation focuses on sensitivity tests which aim at finding 

some key parameters to improve the calculation results. 

- 1 -
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1. lntroduction 

ln December 1985， the ROSA-IV!LSTF program conducted two natural 

circulation tests: ST-NC-01 (with 5% core power) and ST-NC-02 (with 2% 

core po珊 r)・ Duringthese tests many steady-state stages were obtained枕

different primary inventori邑s，which was decreased stepwise. 

The same qualitative results as on眼 .L[5]， Semiscde [6] and 10Bl 

[7] were obtained: when the primary inventory decreases from the initial 

value of 100% the loop flow pattern shifts from single-phase natural 

circulation to two-phase natural circulation. The core flow rate 

increases due to the 1ncrease 1n the static head difference between the 

downcomer and the riser in the vessel and between the upflow and downflow 

sides of the steam generator U-tubes. ~.; the primary inventory drops 
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second experiment (ST-NC・・02). For this reason， this latter experiment was 
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2. General conditions of the calculation 

The calculation was performed with RELAP5/M0D2 Cycle 36.00[8]. 

2.1 Nodalization 

The nodalization is shown in Fig. 1. It uses 152 volumes and 158 

junctions. 

This nodalization was originally built up at INEL (Idaho National 

Engineering Laboratory). For the calculation presented here, the main 

modifications are: 

The bypass flow between the downcomer and the upper head is set to 

2% of the core flow during steady state at nominal conditions. 

The rated pump head is modified: 10.7 m for pump B and 11.2 m for 

pump A (as measured during calibration tests) instead of 10 m in 

INEL data. 

' The overall heat loss for the primary and secondary sides is set 

to 110 kW during steady state at nominal conditions. The heat 

losses are uniformly distributed throughout the loops. 

' The friction factors and the nodalization of the vessel riser are 

modified to match the results of differential pressure (DP) 

calibration tests. 

" All the components which are not used during ST-NC-02 are deleted: 

the ECCS system, the auxiliary feedwater system, the bypass line 

between the hot legs and downcomer. 

' A valve line is implemented at the bottom of the vessel as in the 

experiment. 

' A horizontal node is added at the top of the SG U-tubes 

- 2 -
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2. Genera1 conditions of the ca1cu1ation 

The ca1cu1at1on was performed with RELAP5/MOD2 Cyc1e 36.00[8]. 

2.1 Noda1ization 

The noda11zat1on 1s shown 1n F1g. 1. It u日es152 v01u皿esand 158 

junctions. 

Th1s noda11zation was or1gina11y bu11t up at lNEL (Idaho Nationa1 

Engineering Laboratory). E'or the ca1cu1at1on presented here， the ma1n 

mod1fications are: 

The bypass f10w bet宵eenthe downcomer and the upper head is set to 
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to 110 kW during steady state at nomina1 conditions. The heat 

10sses are uniform1y distr1buted throughout the 1oops. 

The frict10n factors and the noda11zation of the ves自e1riser are 

modified to match the resu1ts of diff~rentia1 pressure (DP) 

ca1ibration tests. 

A11 the components which are not used during ST-NC-02 are de1eted: 

the ECCS system， the auxi1iary feedwater system， the bypass 1ine 

between the hot 1egs and downcomer. 

A va1ve 1ine is implemented at the bottom of the vesse1 as 1n the 

experiment • 

A horizonta1 node i8 added at the top of the SG U-tubes 
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to better study the strarification and the end of the two-phase 

natural circulation. 

Two limitations of this nodallzatlon must be pointed out: 

It uses only one mean SG U-tube although a large multidimensional 

behaviour of the SG U-tunes was observed in the experiment. 

It uses only one mean core channel although the radial peaking 

factor for the core power (ratio of the high power rods to the low 

power rods) is 2.3 and large radial temperature differences are 

observed at the top of the core during single phase flow with 

pumps on. 

A small leakage was observed in the experiment between the upper head 

and the upper plenum and between the downcomer and the upper plenum. 

However, as the amount of the leakage is not known and is considered to be 

very small, it is not modeled in the calculation. 

The effect of the leakage between the downcomer and the upper plenum 

is studied through a sensitivity test in Appendix 2.4. In this test, the 

leakage value Is unrealistically large to see the influence of the leakage 

for extreme conditions. 

The effect of the leakage between the upper head and the upper plenum 

is quite obvious for primary inventories lower than 85%: in the experiment 

the upper head completely empties (according to the conduction probes 

data). However, in the calculation, the liquid located in the upper head 

under the level of the spray nozzles (the spray nozzles are the flow path 

between the downcomer and the upper head) remains there until the last 

stage of the calculation (272 inventory). As a consequence, for the same 

total mass inventory in the calculation and in the experiment, a larger 

mass of fluid can flow through the loops for the experiment (the 
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difference is 2.4% of the primary circuit initial inventory). This 

discrepancy is taken into account in the presentation of the calculation 

results: instead of presenting the actual inventory, this inventory is 

decreased in an amount of 2.4 % (for inventories lower than 85%). 

2.2 Boundary conditions 

A detailed description of the experiment can be found in [1]. The 

first stage of the experiment is a steady state at the nominal conditions of 

LSTF: full power (10 MW), pumps on, the same temperature increase across 

the core as in the actual plant. 

The second stage of the experiment studies natural circulation for 

100% mass inventory in the primary side. The core powar is lessened down 

to 1.42 MW (2% power for the reference reactor) and this value is kept 

for the remainder of the experiment. The pumps are turned off. 

The secondary pressure is lessened to 6.6 MPa and this value is kept 

for the remainder of the experiment. 

During the later stages of the experiment the pressurizer surge line 

valve is closed and remains in this position. The primary side inventory 

is decreased gradually by means of bleeding through the drain line located 

at the bottom of the vessel. In the experiment, the drain valve is closed 

every time a 5% decrease in the primary inventory is reached and then the 

boundary conditions are kept constant until steady state is achieved. The 

same procedure was followed in the calculation except that 10% steps 

instead of 5% were chosen. 

For every stage of the calculation, the feedwater temperature is 

adjusted to the experimental value. A slow 30 K fluctuation of this 

temperature occured all through the experiment. 
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In general, the boundary conditions for the calculation are the same 

as for the experiment except the following ones: 

The secondary side mass is kept constant (instead of keeping 

constant the secondary level in the experiment). This procedure 

allows the calculation to reach steady state faster and should 

make no difference in the primary side behaviour. 

The pump speed is set to zero after the pumps are switched off 

(although the rotor is not locked in the experiment). Some 

comments about the effect of this choice are given in Appendix 2. 

5. 

2.3 RELAP5/M0D2 options 

The cross-flow option is used at the junctions between the cold legs 

and the downcomer and at the junctions between the hot legs and the upper 

plenum. 

The abrupt area change junction junction model is used at the SG 

plena and at the spray nozzle located between the downcomer and the upper 

head. Elsewhere, the form loss coefficients as measured on the facility 

during the calibration tests are used. 

All the volumes are calculated with the two-fluid non-equilibrium 

option. 

All the junctions use the phase separation model when stratified flow 

occurs. 

In order to reach the steady state faster, the "steady-state" option 

of RELAP5/MOD2 is used throughout the calculation. One specific feature 

of this option is that it decreases artificially the heat capacity of the 

walls so that the thermal relaxation of the walls speeds up. 
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This procedure allows the calculation of the whole experiment in 2200 

s equivalent experimental time instead of about 2800 s in the experiment 

from the time when the pumps are switched off up to uhe time when 30% 

inventory is reached (however the number of inventories studied in the 

experiment is twice the number studied in the calculation. See subsection 

2.2) 

Another specific feature of the "steady-state" option is that the 

calculation automatically stops when the convergence criteria are 

fulfilled [8]. However, it was observed that sometimes convegence was 

reached although the primary bleed was still on. In those conditions the 

calculation was prolonged with the "transient" option. Another problem is 

that convegence might be reached for an incorrect solution: this was foud 

for the 94% inventory where the loop flow rate was 8.3 kg/s at the end of 

the "steady-state" stage but became 7.8 kg/s when the calculation was 

prolonged with the "transient" option. 

The 70% inventory calculation illustrates another problem: 

convergence is reached with the "steady-state" option although loop 

oscillations develop if the calculation is prolonged with the "transient" 

option (see Subsection 3.4). 

Related to these remarks the consistency between the "steady-state" 

results and the "transient" results was systematically checked for every 

inventory. No other problems than those stated above was found. 

3. Comparison of the basic calculation with the experimental results 

3.1 Steady state, pumps on 

The comparison between the experiment and the calculation is shown on 

Table 1. 
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Table 1 Summary of i n i t i a l conditions 

Experiment Calculation 

Pressurlzer 

Pressure (MPa) 
15.47 + 0.06 15.49 

1 
Fressurlzer 

level (m) 
j 

2.65 + 0.13 2.62 
| 

1 
; Loop A B A 

! 
B 

Hot leg temperature (K) ! 598+5 598+5 ; 598.9 
I 

598.9 

Cold leg temperature (K)] 565+5 
1 

565±5 ; 565.0 565.0 

Pump speed (rd/s) 85.8 86.1 92.6 93.4 

Flew rate (kg/s) 25.5+0.6 \ 25.5±0.6 25.5 25.5 

Secondary pressure (MPa) 7.38+0.03 ; 7.42+0.03 7.40 
i 

7.40 

Steam flow rate (kg/s) j 2.6+0.1 : 2.7±0.1 i 2.7 2.7 
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The calculation results are in good agreement with the experimental 

ones except for the pump speed. However, the point of importance is that 

the pump head (11.1 kPa) is close to the experimeutal value (10.7 +0.2 kPa 

as deduced from the DP cells located between the inlet and the outlet of 

the pumps). So it is concluded that the discrepancy observed about the 

pump speed is due either to some uncertainty in the pump characteristics 

or to some error in the pump speed measurement. 

Adjusting the calculated steady-state is a difficult process which 

has to cope with the experimental uncertainty. For instance, Fig. 10 

shows a discrepancy between the experimental and calculated differential 

pressure through the vessel. This discrepancy might be due partly to some 

overestimation of the friction in the core (the data reduction from the 

calibration tests tend to slightly overestimate this friction). However, 

adjusting the calculated DP through the vessel on the experimental value 

would worsen the results for the pump head. 

Finally, the calculated steady state presented here corresponds to a 

choice which seems to be a good compromise. 

Another difference between the calculation and the experiment lies in 

the upper head temperature which is equal to the cold leg temperature in 

the calculation and close to the hot leg temperature in the experiment. 

This strange experimental behaviour does not seem to be related to the 

undesirable leakage flow paths (discussed in Subsection 2.1) because it 

was still observed after those leakages were sealed off. It is considered 

that this behaviour has not a large effect on the overall primary circuit 

results during this test. 
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Another difference between the ca1cu1ation and the experiment 1ies in 
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3.2 Natural circulation at full inventory 

The loop flow rate is about 7% overestimated by the calculation 

(Fig. 3). However, for such a flow rate the measurement uncertainty is 

about 331 (if a 1% full-scale uncertainty is assumed for the DP measurement 

at the venturi). So, the calculation is rather close to the experimental 

value. 

The pressurizer pressure (Fig. 2) is overestimated by the calculation 

(13.4 MPa instead of 12.2 MPa). Two factors can be quoted to account for 

this discrepancy : 

the pressurizer spray was used in the experiment and not used in 

the calculation. 

the initial discrepancy between the experiment and the calculation 

about the upper hesad temperature (Subsection 3.1) results in a 

higher pressurizer liquid level in the calculation than in hte 

experiment because between those two stages the upper head 

temperature volves from about 590 K to about 572 K in the 

experiment and from 565 K to about 571 K in the calculation. 

3.3 90% and 80% primary inventories 

The loop flow rate is highly overestimated (up to 50%) as shown in 

Fig. 3. 

This discrepancy is discussed in datail through the basic sensitivity 

study (Subsection 4.1) and several other sensitivity tests (see Appendix 

2). 

The primary pressure is underestimated (Fig. 2) and this discrepancy 

is related to the overestimatlon of the loop flow rate. This observation 

can be linked with the results of SB-CL-05 post-test analysis both for the 
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loop flow rate and the primary pressure [2]. 

The calculated differential pressures at different locations in the 

primary side are compared to the experiment in Fig. 4 through 7 and do not 

exhibit large discrepancies. 

The calculation for the 80% inventory by using the "transient" option 

of RELAP5 shows that the results are very stable (no significant 

fluctuations) and consistent with the results of the "steady state" 

option. 

3.4 70% primary inventory 

As in the experiment, the calculation shows a large drop in the loop 

flow race (Fig. 3). This is mainly due to a large increase of the void 

fraction at the top and in the downflow side of the SG U-tubes. The 

"steady-state" option of RELAP5 does not shown any interruption of the 

two-phase natural circulation at the top of the SGs and there is no 

counter-current flow in the SGs. 

The primary pressure is in good agreement with the experiment (Fig. 

2). 

The prolongation of the calculation with the "transient" option of 

REIAP5 shows that, after a while, large oscillations occur as in the 

experiment. However the nature of the oscillations is different between 

the experiment and the calculation. 

In the calculation the oscillations can be roughly divided into two 

phases(Figs. 11 through 14) : during the first phase, the void fraction is 

high at the top ff the SG so that the flow in the loop is limited. Due to 

condensation and CCFL the liquid holdup progressively increases in the 

upflow side of the SG (and consequently the liquid holdup also increases 
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in the downflow side due to a feedback effect through the vessel on the 

outlet plenum pressure). During the second phase, the liquid reaches the 

top of the SG, the flow increases sharply and the SG U-tubes drain until a 

new cycle is ready to start again. 

The amplitude of the oscillations in the SGs is about 5 to 6 kPa with 

a period of about 105 s. The associated oscillations of the loop flow 

rate have an amplitude of about 60% of the mean value. However the flow 

rate oscillations in the two loops are out of phase so that the core flow 

rate is not much affected (Fig. 13). 

The heat transfer rate at the SGs oscillates with the same period as 

the flow rate (Fig. 14). 

In the experiment, the oscillations proceed in a very different way. 

Their period and amplitude seem to depend on the tube length (Figs. 17 

through 21) with a larger period for the longest tubes and the larger 

amplitude for the mean tubes. Those different oscillaitons in the 

different tubes of one SG combine themselves in such a way that they have 

little effect on the loop flow rate. Finally the loop flow rate 

fluctuations are small (Figs. 15 and 16). 

The main reason for the difference between the experiment and the 

calculation is due to the calculation geometry which uses only one mean SG 

U-tube instead the 141 U-tubes in the experiment. With such a geometry 

the oscillations qualitatively look like the oscillations observed on LOBI 

[3] which has a much smaller number of SG U-tubes than LSTF (8 tubes for 

tiie "broken" loc?, 24 tubes for the "intact" loop). 

3.5 primary inventories less than 50% 

During this stage of the experiment, reflux condensation occurs in 

- 11 -

JAERI-M 88-215 
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the calculation as well as in the experiment. 

The calculation showed that dryout takes place In the core for the 

largest inventory studied here (48.7%). However in the experiment dryout 

occured only for an about 24% inventory. 

The reason for this discrepancy is a too large liquid holdup in the 

SG U-tubes and their plena (Fig 4). Consequently the liquid levels in the 

vessel are underestimated (Figs. 5 through 7). In particular it is noted 

that the experiment exhibits a plateau for the downcomer and core liquid 

levels at inventories less than 60% (Figs. 5 and 7) due to the draining 

of the SG U-tubes. This plateau is not found in the calculation. 

Some shortcoming in the RELAP5 interfacial friction model Is 

suspected and this topic is studied through the finel calculation 

(Subsection 4.2) and other sensitivity tests (Subsection 4.3.2). 

An interesting feature of LSTF can be noticed here: in LSTF, as in 

most of the "integral facilities" the same scaling ratio cannot be kept in 

every component. For istance, although each loop of LSTF Is scaled about 

1/24 in volume of the PWR ones, the SG plena are 1/12 scaled. However 

this distortion presents two advantages: it makes the geometry closer to 

the PWR one. Also it gives a good opportunity to test the analytical 

models dealing with the flooding phenomona in the system "hot leg + SG 

plenum + SG U-tube upflow side" (a small error in these models has a 

larger Influence on the core liquid level for LSTF than the PWR). 

The use of the "steady-state" option of RELAP5 permits the 

continuation of the calculation for inventories lower than 50% because, 

due to the fast convergence of the calculation, the rod heat-up remains 

small enough. However the use of the "transient" option leads to rod 

burn-up. 
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The use of the "steady-state" option of RELAP5 permits the 

continuation of the calculation for inventories lower than 50% because， 

due to the fast convergence of the calculation， the rod heat-up remains 

8mal1 enough. However the use of the "transient" option leads to rod 

burn-up ・

-12-



JAERI-M 88-215 

4. Basic sensitivity test and final calculation 

The results of the basic calculation presented In Section 3 show 

mainly two large shortcomings: the loop flow rate is about 50% 

overestimated when the primary inventory is close to 80% and core dryout 

occurs for a 50% inventory instead of about 24% inventory in the 

experiment. 

The basic sensitivity test presented here focuses firsL on the loop 

flow rate (Subsection 4.1) and is then extended to all the stages of the 

experiment (Subsection 4.2). 

4.1 Basic sensitivity test 

The way which is used here is to adjust the calculated flow rate to 

the experimental one, then to study the differencial pressure (DP) 

distribution throughout the primary circuit and compare it to the 

experimental data and finally look for some modifications in order to 

improve the DP distribution. 

4.1.1 Step 1 

This strategy is applied to the case where the largest discrepancy 

between the calculated and the experimental flow rates was observed: the 

81% inventory. A valve is implemented in the cross-over leg of each loop. 

It is closed gradually until the experimental flow rate is reached. Then 

the valve remains in the same position and the calculation goes on until 

steady-state conditions are obtained. 

In those conditions it is observed that the pressure loss through the 

valve is 13 kPa. It means that somewhere in the primary circuit there is 
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4. Bas1c sens1t1v1ty test and f1na1 ca1cu1at10n 

The resu1ts of the bas1c ca1cu1at1on presented 1n Sect10n 3 show 

ma1n1y two 1arge shortcom1ngs: the 100p f10w rate 1s about 50% 

overestimated when the primary inventory is c10se to 80% and core dryout 

occurs for a 50% inventory 1nstead of about 24% 1nventory in the 

experiment. 

The basic sens1t1 v1ty test presented here foclJses firfl L on the 100p 

f10w rate (Subsect10n 4.1) and 1s then extended to a11 the stages of the 

exper1ment (Subsection 4.2)・

4.1 Bas1c sens1t1v1ty test 

The way which 1s used here 1s to adjust the ca1cu1ated f10w rate to 

the experimenta1 one. then to study the d1fferenc1a1 pressure (DP) 

distr!bution throughout the primary circuit and compare it to the 

exper1menta1 data and fina11y 100k for some modificat1ons 1n order to 

improve the DP d1str1but1on. 

4.1.1 Step 1 

Th1s strategy 1s app11ed to the case where the 1argest d1screpancy 

between the ca1culated and the experimental f10w rates was observed: the 

81% 1nventory. A valve 1s implemented 1n the cross-over 1eg of each !oop. 

1t is closed gradua11y until the exper1menta1 flow rate 1s reached. Then 

the valve rema1ns 1n the same pos1tion and the calcu1ation goes on unti1 

steady-state cond1tions are obta1ned. 

1n those conditions 1t 1s observed that the pressure 10日sthrough the 

val ve 1s 13 kPa. 1t means that自omewhere1n the pr1mary c1rcu1t there 1s 
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a force which acts like a pump and provides a 13 kPa head which does not 

exist in the experiment. 

In order to locate this undesirable driving head, the DP distribution 

throughout the primary circuit is shown in the following table. Point A 

is located in the cold leg, Point B in the hot leg and Point C is located 

in the cross-over leg below the SG outlet at the altitude of the 

horizontal legs. 

Basic 
calculation 

This 
Test 

Experiment 

P A - P B -6.0 -8.5 -2.8 

P B - P C -4.0 -8.9 not 
measured 

Pump head -9.0 -3.9 -3.8 

Unit : kPa 

In the above Table the experimental values are interpolated from the 

83.2% and 78.7% inventory data. The pump head is calculated from the 

differential pressure between the pump inlet and outlet (DPE090 and 

LPE230). (P A - Pg) is the measurement performed by DPE140. 

If we trust the measurements, the comparison presented above show 

that, in order to eliminate the 13 kPa driving head which is in excess, it 

is necessary to increase (PA - Pj>) in an amount of about 6 kPa and (Pg -

Pg) in an amount of about 7 kPa. 

The following table shows the DP distribution inside the vessel. 
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a forc~ which acts like a pump and provides a 13 kPa head which does not 

exist in the experiment. 

1n order to locate this undesirable driving head， the DP d1strlbution 

throughout the primary circuit is shown 1n the following table. Point A 

1s located in the cold leg， Point B in the hot leg and Po1nt C Is located 

1n the cross-over leg below the SG outlet at the altitude of the 
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This Exper1ment 
calculat10n Test 
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-6.0 -8.5 -2.8 

PB -Pc -4.0 -8.9 not 
measured 

Pump head -9.0 申 3.9 -3.8 

Un1t kPa 

1n the above Table the experimental values are interpolated from the 

83.2% and 78.7% inve品torydata. The pump head is calculated from the 

differential pressure between the pump inlet and outlet (DPE090 and 

LPE230)・ (PA -PB) is the measurement performed by DPE140. 

If we trust the measurements， the comparison presented above show 

that， 1n order to eliminate the 13 kPa driving head wh1ch 1s in excess， it 

i8 necessary to increase (PA -PB) 1n an amount of about 6 kPa and (PB -

Pc> in an amount of about 7 kPa. 

The following table shows the DP distribution 1ns1de the vessel. 
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This Experiment 
Test | 

! 

core DP 
(DPE300) 

25.0 27.3 

upper 
plenum DP 
(DPE320) 

8.4 9.7 

downcomer DP 
(DPE360) 

55.0 52.2 

Unit : kPa 

In the above Table the downcomer DP measurement is corrected to take 

into account the discrepancy observed between the experiment and the 

calculation during steady state with pumps on (Fig. 7). A constant shift 

in the measurement is assumed. 

The above Table shows that the error in the calculation is not 

located in one component but rather distributed in the different parts of 

the vessel. 

The discrepancy on the downcomer DP is related to a difference of 

liquid level between the experiment and the calculation. In the 

experiment, the mixture level is located in front of the cold legs 

allowing some vapour to flow Into the cold legs (Fig. 9) (this fact is 

confirmed by the signals of the conductivity probes located at the top of 

the downcomer). However, in the calculation the liquid level is above the 

cold legs (the void fraction in the volume facing the cold legs is 0.11 

and the top of this volume Is 20 cm higher than the top of the cold legs) 

and there is no vapour in the cold legs. 

A reason for this discrepancy might be a bypass effect. A 
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Th1s 
Teat I 

core DP 27.3 
(DPE300) 

upper 
plenum DP 8.4 9.7 
(DPE320) 

downcomer DP 52.2 
(DPE360) 

Unit kPa 

In the above Table the downcomer DP measurement 1s corrected to take 

into account the diacrepancy obaerved between the experiment and the 

calculat10n dur1ng ateady state w1th pumps an (F1g. 7). A canstant sh1ft 

in the measurement 1s assumed. 

The abave Table shows that the error 1n the calculat1an 18 not 

located in one camponent but rather distributed in the different parts af 

the vessel. 

The di8crepancy on the dawncomer DP 18 related to a difference of 

liquid level between the experlment and the calculation. In the 

experiment. the mixture level is located in front af the cold lega 

allowing some vapour to flow into the cold legs (Fig. 9) (thia fact i8 

confirmed by the s1gnala of the conduct1vity probes located at the top of 

the downcomer). However， 1n the calculat10n the l1qu1d level 1s above the 

cold legs (the vo1d fract10n in the volume fac1ng the cold legs 1s 0.11 

and the top of th1a volume 1a 20 cm h1gher than the top of the cold legs) 

and there 18 no vapour 1n the cold legs. 

A reason for this d1screpancy m1ght be a bypass effect. A 
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sensitivity test performed to investigate this question and presented in 

Appendix 2.4 does not show the correct trends. However, the bypass effect 

might be studied in several other ways and the issue is still open. 

Another reason for this discrepancy could be some shortcoming in the 

calculation of the vapour condensation at the top of the downcomer (this 

vapour is coming from the upper head in the calculation). A sensitivity 

test dealing with this topic is presented in Subsection 4.3.3 and shows a 

small effect of the condensation. 

Inside the vessel riser (core and upper plenum) the discrepancy 

observed on DP might be due to some shortcomings either in the interfacial 

friction model or in the wall friction model. Modification of the 

interfacial friction is studied In Subsection 4.3.1. 

The other way is to assume some shortcoming in the RELAP5/MOD2 form 

loss model for two-phase flow. 

Inside the vessel riser, the LSTF model for the basic calculation 

uses the form loss coefficients derived from the calibration tests 

performed under single phase liquid flow. These coefficients are used 

together with the smooth area change model. However the accuracy of these 

coefficients under two-phase flow is not well known. Also no report about 

the qualification of the RE LAP 5 form loss model for two-phase flow does 

exist to our knowledge. 

The sensitivity test presented here assumes that the form loss 

coefficients are underestimated when two-phase flow occurs. Also, the 

adjustment of (P^ - P B) to the experimental value is serched by modifying 

the form loss coefficients only in the vessel riser (the shortcoming in 

the downcomer DP, discussed above and not well understood, is not directly 

treated. So, the solution presented here is only partial). 
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sens1t1v1ty test performed to 1nve5tigate this question and presented in 

Appendix 2.4 does not show the correct trends. However， the bypass effect 

m1ght be stud1ed 1n several other ways and the issue 1s sti11 open. 

Another reason for th1s discrepancy cou1d be 50me shortcom1ng 1n the 

calcu1at10n of the vapour condensation at the top of the downcomer (this 

vapour 1s coming from the upper head in the ca1cu1ation). A sensit1vity 

test deal1ng with this topic is presen~~d in Subsection 4.3.3 and shows a 

small effect of the condensat1on. 

Ins1de the vesse1 r1ser (core and upper plenum) the d1screpancy 

observed on UP m1ght be due to some shortcom1ngs e1ther 1n the 1nterfacial 

fr1ct10n mode1 or 1n the wa11 fr1ct10n mode1. Mod1fication of the 

interfacia1 fr1ction is studied in Subsection 4.3.1. 

The other way is to assume some shortcoming in the RELAP5/MOD2 form 

10ss mode1 for two-phase f10w. 

Ins5.de the ves5e1 r1ser， the LSTF mode1 for the bas1c ca1cu1at10n 

uses the form 1055 coeff1c1ent5 der1ved from the ca11brat1on tests 

performed under sing1e phase 1iqu1d f10w. These coefficients are used 

together w1th the 5mooth area change mode1. However the accuracy of these 

coeff1cients under two-phase f10w is not we11 known. A1so no report about 

the q'lal1fication of the RELAPS form 10ss mode1 for two-phase f10w does 

exist to our know1edge. 

The sens1t1vity test presented here assumes that the form 10S5 

coefficients are underestimated when two-phase f10w occurs. A1so， the 

adjustment of (PA -PB) to the experimenta1 va1ue 1s serched by modifying 

the form 10呂田 coeff1cients on1y 1n the vesse1 r1ser (the shortcom1ng 1n 

the downcomer DP， d1scussed above and not wel1 understood， 1s not direct1y 

treated. So， the so1ution presented here 1s on1y part1a1)・
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4.1 .2 Step 2 

The method which is used here is the following one : 

All the form loss coefficients in the vessel riser are 

multiplied by a constant N. 

The position of the valve located in the cross-over leg is 

adjusted in order to obtain the experimental flow rate. 

If the experimental flow rate is obtained concurrently with 

P„ - P. close to 2.8 kPa (experimental value), the value for 

N is considered as the correct solution. 

The following table shows the value of P» - Pg for different values 

of B when the calculated flow rate agrees with the experimental one : 

N 2 5 7 10 

P A - P B (kPa) - 7 . 0 - 4 . 3 - 2 . 4 + 0 . 6 

Consequently N-7 is the correct order of magnitude and is chosen. 

4.1.3 Step 3 

The next step of this sensitivity test consists of removing the 

valves located in the cross-over legs and running the calculation with the 

form loss coefficients multiplied by 7 in the vessel riser. In those 

conditions, the loop flow rate is still overestimated (11.0 kg/s instead 

of about 9.2 kg/s in the experiment) because the motor head through the SG 

has not been corrected (Pg - P^ - -7.6 kPa). 

Coming back to the experimental results, it is found that during this 
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4.1.2 Step 2 

The method wh1ch 1s used here 1s the f0110w1ng one 

A11 the form 10ss coeff1c1ents 1n the vesse1 riser are 

mu1t1p11ed by a constant N. 

The pos1t10n of the va1ve 10cated 1n the cross-over 1eg 1s 

adjusted 1n order to obtain the exper1menta1 f10w rate. 

If the exper1menta1 f10w rate 1s obta1ned concurrent1y with 

PB -PA c10se to 2.8 kPa (experimer:.tal v:¥1ue)， the v.:uue for 

N 1s cons1dered as the correct s01utlon. 

The f0110wing tab1e shows the va1ue of PA -PB for different va1ues 

of B when the ca1cu1ated f10w rate agrees with the experimenta1 one 

N 

PA
田 PB(kpa) 

Consequent1y N-7 is the correct order of magnitude and is chosen. 

4.1.3 Step 3 

The next step of this sens1tivity test consists of remov1ng the 

va1ves 10cated 1n the cross-over 1egs and running the calcu1ation w1th the 

form 10ss coeff1c1ents multip11ed by 7 1n the vessel riser. 1n those 

cond1t10ns， the loop flow rate 1s sti11 overestimated (11.0 kg/s instead 

of about 9.2 kg/s 1n the exper1ment) because the motor head through the SG 

has not been corrected (PB -Pc --7.6 kPa)・

Com1ng back to the exper1皿entalresu1ts， it is found that during this 
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stage of the experiment several SG U-tubes are In "abnormal" conditions 

(see Appendix 1). If the pressure increases from the SG inlet plenum to 

the SG outlet plenum (as in the calculation discussed here) the flow in 

those abnormal tubes reverses. 

If the flow in those abnormal tubes is large, it will carry some 

"cold" fluid from the SG outlet plenum to the .inlet plenum (.the 

temperature difference is about 2 K) in an amount sufficient to condense 

part of the vapour present in the inlet plenum. This behaviour will 

decrease the gravity head effect through the SG, decrease the pressure 

difference between the SG plena and finally moderate the opposite flow in 

the abnormal tubes. In short, SG outlet plenum will generate a feedback 

effect which will moderate the increase of pressure. 

Therefore it is concluded that the velocity of the fluid in the SG 

abnormal U-tubes is probably small. A simple hand calculation (see 

Appendix 1) shows that 0.1 m/s fluid velocity in the abnormal tubes 

requires an about 0.1 kPa differential pressure between the tons of the SG 

inlet plenum (point D) and outlet plenum (point E). 

However, the calculation presented in this Step shows that P E - P D " 

4.1 kPa. So this value seems highly unlikely and must be corrected by 

taking into account the abnormal SG U-tubes. 

4.1.4 Step 4 

This test focuses on the driving head through the SG and, as a result 

of the discussion presented in Step 3, tries to decrease it down to a 

reasonable value by calculating the behaviour of the SG abnormal U-tubes. 

As in step No.3, the present test multiplies the form loss 

coefficients in the vessel riser by 7. 

Then, the SG U-tubes are divided into two sets of N^ highest tubes 
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stage of the experlment severa1 SG U-tubes are in "abnorma1" condit~.ons 

(see Appendix 1)・Ifthe pressure increases from the SG in1et p1enum to 

the SG out1et p1enum (as in the ca1cu1ation discussed here) the f10w in 

those abnorma1 tubes reverses. 

If the f10w in those abnormaJ tubes is 1arge， it wi11 carry some 

"co1d" f1uid from the SG out1et p1enum to the .in1et p1enum ¥the 

temperature dlfference is about 2 K) in an amount sufficient to condense 

part of the vapour present in the in1et p1enum. Thi自 behaviourwil1 

decrease the gravity head effect through the SG， decrease th巴 pressure

difference between the SG p1ena and final1y moderate the opposite f10w in 

the abnorma1 tubes. In short， SG out1et p1enum wi11 generate a feedback 

effect which wi1l moderate the increase of pressure. 

Therefつでeit is conc1uded that the velocity of the f1uid in the SG 

abnorma1 U-tubes is probab1y sma11. A simp1e hand ca1cu1ation (see 

Appendix 1) sho問 that0.1 m/s f1uid ve10city in the abnormal tubes 

requires an about 0.1 kPa differentia1 pressure between the tODS of the SG 

inlet plenum (point D) and out1et p1enum (point E). 

However， the calcu1ation presented in this Step shows that PE -PD -

4.1 kPa. So this va1ue seems high1y un1ike1y and must be corrected by 

taking into account the abnormal SG U-tubes. 

4.1.4 Step 4 

This test focuses on the driving head through the SG and， as a result 

of the discusslon presented in Step 3， tries to decrease it down to a 

reasonab1e va1ue by ca1cu1ating the behaviour of the SG abnorma1 U-tubes. 

As in step No.3， the present test mu1tiplies the form 10ss 

coefflcients in the vesse1 riser by 7. 

Then， the SG U-tubes are divided into two sets of N1 highest tubes 
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and N2 lowest tubes (with Nj_ + N 2 = 141 tubes as in the experiment). A 

valve is implemented at the inlet of the highest tubes. 

At the beginning of the calculation, the valve is closed, resulting 

in two effects : 

the void fraction collapses in the highest tubes due to the 

condensation of the vapour. 

* the differential pressure between the tops of the SG inlet 

and outlet plena (P £ - P D) decreases due to the friction 

increase through the lowest tubes. 

Coping with the remarks presented in Step 3, the values of N-, result 

and N2 are searched in order to minimize (P E - P D). A rather good result 

is found with : 

N x - 40% N 2 = 60% P E - P D = 0.8 kPa 

The calculation then goes on with the opening of the valve located at 

the inlet of the highest tubes. The conditions in those tubes (liquid 

single phase of a temperature close to the secondary side temperature, 

pressure at the outlet greater than at the inlet) are well adapted to 

calculate reverse flow. However, immediately after the opening of the 

valve some bubbles rise at the inlet of the tubes, decreasing the static 

head in the upflow side, and finally the flow in the highest tubes 

establishes in the same direction as in the other tubes. 

Another sensitivity test was performed by increasing sharply the heat 

transfer coefficient in the condensation correction for the highest tubes 

(It was multiplied by 1000) in order to condense the rising steam bubbles 

(this configuration provides a larger pressure increase from the tube 

inlet to the tube outlet and should ease reverse flow). However, after 20 

seconds of reverse flow, the flow reestablished in the normal direction 
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and N2 lowest tubes (with N1 + N2 141 tubes as in the experiment)・A

valve is implemented at the inlet of the highest tubes. 

At the beginning of the calculation， the valve is closed， resulting 

in two effects 

the void fraction col1apses in the highest tubes due to the 

condensation of the vapour. 

the differential pressure between the tops of the SG inlet 

and outlet plena (PE -Pn) decreases due to the friction 

increase through the lowest tubes. 

Coping with the remarks presented in Step 3， the vallles of N1 result 

and N2 are searched 1n order to m1nim1ze (PE -PO)・Arather good result 

is found with 

N1 z 40% N2 = 60% PE -Pn = 0.8 kPa 

The calculation then goes on with the opening of the valve locat0.:} at 

the inlet of the highest tubes、 Theconditions in those tubes (liquid 

single phase of a temperature close to the secondary side temperature， 

pressure at the outlet greater than at the inlet) are well adapted to 

calculate reverse f low. However， im皿ediatelyafter the opening of the 

valve some bubbles rise at the inlet of the tubes， decreasing the static 

head in the upflow side， and finally the flow in the highest tubes 

establishes in the same direction as in the other tubes. 

Another sensitivity test was performed by increasing sharply the heat 

transfer coefficlent in the condensation correction for the highest tubes 

(it was multip1ied by 1000) 1n order to condense the rising steam bubb1e自

(this configuration provides a larger pressure increase from the tube 

in1et to the tube outlet and should ease reverse flow)・Howe'ler，after 20 

seconds of reverse flow， the flow reestablished in the normal direction 
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for the same reason as above. 

Nevertheless, predicting the reverse flow in the abnormal U-tubes is 

not fundamental for this test. The fundamental result is that the 

existence of the abnormal tubes can be taken into account by closing them 

off. In such conditions 40% stalled tubes gives a reasonable DP through 

the SG. It is also noted that this number is probably close to the 

experimental value because, for the same inventory, several longest and 

mean SG U-tubes are under abnormal conditions according to the 

measurements. 

However, even for 40% stalled tubes, the loop flow rate is still 

somehow overestimated (10.1 kg/s instead of about 9.2 kg/s in the 

experiment). 

4.1.5 Step 5 

The remaining discrepancy on the loop flow rate is considered as 

coming from the gravity head difference between the SG inlet and outlet 

plena. 

In the region which includes the inclined pipe located under the SG 

inlet plenum and the inlet plenum itself, some shortcomings in the 

conventional constituteve models are suspected because the flow In the 

inclined pipe is not fully developed and the entrance effects are 

important. In particular it is considered (according to the pictures of 

the experiment taken by the video probes) that the flow of liquid and 

vapour in the inclined pipe tends to separate instead of being "bubbly" as 

in the basic calculaiton and as in Step 4. 

In order to cope with this observation, the interfacial friction in 

the inclined pipe and in the SG inlet plenum is divided by 100. The other 

conditions are the same as in the previous test: form loss coefficients 
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for the same reason as above. 

Neverthe1ess， predicting the reverse f10w in the abnorma1 U-tubes is 

not fundamenta1 for this test. The fundamenta1 resu1t is that the 

existence of the abnorma1 tubes can be taken into account by c10sing them 

off. 1n such conditions 40% stalled tubes gives a reasonable DP through 

the SG. 1t is a1so noted that this number is probab1y c10se to the 

experimenta1 va1ue because， for the same inventory， severa1 10ngest and 

mean SG U-tubes ar邑 underabnormal conditions according to the 

measurements. 

Ho官'ever，even for 40% sta11ed tubes， the 100p f10w rate is sti11 

somehow overestimated (10.1 kg/s instead of about 9.2 kg/s in the 

experi皿ent)・

4.1.5 Step 5 

The remaining discrepancy on the 100p f10w rate is considered as 

coming from the gravity head difference between the SG in1et and out1et 

p1ena. 

1n the region which includes the inc1ined pipe located under the SG 

in1et p1enum and the in1et p1enum itse1f， some shortcomings in the 

conventiona1 constituteve mode1s are suspected because the f10w in the 

inc1ined pipe is not fully developed and the entrance effects are 

im伊 rtant. 1n particu1ar it is considered (according to the pictures of 

the exVeriment taken by the video probes) that the flow of liquid and 

vapour in the inc1ined pipe tends to separate instead of being "bubb1y" as 

il1 the basic ca1culaiton and as in Step 4. 

1n order to cope with this observation， the interfacial frlction in 

the inc1ined pipe and in the SG inlet plenum is divided by 100. The other 

conditions are the same as in the previous test: form 10ss coefficients 
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multiplied by 7 In the vessel riser; 40% highest tubes blocked. 

The resulting loop flow rate is 9.65 kg/s (instead of 9.2 kg/s in the 

experiment) with a differential pressure between the tops of the SG inlet 

and outlet plena Pg - P D » 0.4 kPa. 

A summary of the different steps of this sensitivity test is 

presented in Table 2. 

Table 2 Summary of the the basic sensitivity study for the 81% 

inventry 

Loop 
Flow rate (kg/s) 

Basic calculation 13.8 

Step 3 • form loss 7 
in the vessel riser 

11.0 

Step 4 - Step 3 
+ 

40% highest SG U-tubes 
blocked 

iC.l 

Step '> - Step 4 
+ 

Tj/100 (inclined pipe 
and SG inlet plenum) 

9.65 
i 

Experiment 9.2 
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multiplied by 7 in the vessel riserj 40% highest tubes blocked. 

The resu1ting loop flow rate 18 9.65 kg!s (instead of 9.2 kg/s in the 

experiment) with a differential presaure between the tops of the 5G inlet 

and outlet plena PE -P
D・0.4kPa. 

A summary of the dlfferent steps of this sensitivity test 1s 

presented ln Table 2. 

Table 2 Summary of the the baslc sensltivity study for the 81% 

inventry 

Loop 
Flow rate (kg!s) 

Basic calculation 13.8 

Step 3 -form 10ss 7 1l.0 
in the vessel riser 

Step 4・Step3 
+ ic-1 

40% highest 5G U..tubes 
blocked 

Step ，') - Step 4 
+ 9.65 t 

aT忌4d/100(inC11ned pipe 
SG inlet plenum) 

Experiment 9.2 
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4.2 Generalization : final calculation 

The same method is then applied to other stages of the experiment, 

resulting in the final calculation. 

The conditions of this calculation are: 

The form loss coefficients in the vessel riser are multiplied 

by 7 as soon as two-phase flow occurs in the riser. 

• The intefacial friction is divided by 100 in the SG inlet 

plenum and in the inclined pipe located underneath. 

" The SG U-tubes are divided into N^ highest tubes and N2 

lowest tubes (N, • Ni - 141) for the inventories larger than 

80% (at lower inventories, no abnormal tubes were observed in 

the experiment). The value of N^ is looked for in order to 

obtain a reasonable DP through the SG and a reasonable loop 

flow rate. 

The results are presented in Figs. 2 through 10. 

4.2.1 100% inventory 

Dividing the SG U-tubes into 10% highest tubes and 90% lowest tubes 

and using the same technique as in Subsection 4.1.4 (closing and opening 

the valve at the inlet of the highest tubes) is here successful and the 

flow in the highest tubes reverses (it is considered that the failure to 

calculate this flow regime for the 81% inventory is due to the effect of 

the steam bubbles rising in the upflow side of the tubes). 

The effect of the abnormal tubes on the loop flow rate is small: the 

flow rate drops to 6.25 kg/s from 6.40 kg/s in the basic calculation, as 

compared to about 6.9 kg/s in the experiment. The liquid velocity in the 

abnormal tubes is 12 CU/B and the temperature in the SG inlet plenum is 
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4.2 Genera1izat10n final calculat10n 

The same method is then applied to other stages of the experiment， 

resu1ting in the final ca1culation. 

The conditions of this ca1cu1ation are: 

The form 10ss coefficients in the vesse1 riser are mu1tip1ied 

by 7 as soon as two-phase flow occurs in the riser. 

The intefacial friction is divided by 100 in the SG in1et 

plenum and in the inc1ined pipe 10cated underneath. 

The SG U-tubes are divided into N1 highest tubes and N2 

lowest tubes (N2 s N1 -141) for the inventories larger than 

80% (at lower inventories， no abnormal tubes were observed in 

the experiment)・Thevalue of N1 is 100ked for in order to 

obtain a reasonab1e DP through the SG and a reasonable loop 

f10w rate. 

The results are presented in Figs. 2 through 10. 

4.2.1 100% inventory 

Dividing the SG U-tubes into 10% highest tubes and 90% lowest tubes 

and using the same technique as in Subsect10n 4.1.4 (c1osing and opening 

the valve at the inlet of the highest tubes) is here successful and the 

f10w in the highest tubes reverses (it is considered that the failure to 

calcu1ate this f10w regime for the 81% inventory is due to the effect of 

the steam bubbles rising in the upf10w side of the tubes)・

The effect of the abnorma1 tubes on the loop f10w rate is small: the 

flow rate drops to 6.25 kg/s from 6.40 kg/s in the basic calculation， as 

compared to about 6.9 kg/s in the experiment. The 1iquid velocity in the 

abnormal tube8 is 12 ¥':"'/8 and the temperature 1n the SG 1nlet p1enum 18 
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1.2 K lower than in the hot legs-

Howe ver, in the experiment, the SG inlet plenum temperature is about 

3 to 4 K lower than in the hot leg. So, it is concluded that the number 

of abnormal SG U-tubes is larger than 10% (some hand calculation shows 

that if the velocity in the abnormal tubes is 10 cm/s, their number should 

be about 30% in order to match the SG inlet plenum temperature). 

Increasing the number of abnormal tubes would also improve the calculated 

loop flow rate. 

However, it was considered sufficient here to handle the key 

parameter and further improvement for the 100% inventory was not looked 

for. 

4.2.2 94% inventory 

10% blocked tubes were assumed (as for the 81% inventory, reverse 

flow cannot be calculated for the highest tubes, see remarks in 

Subsections 4.1.4 and 4.2.1) resulting in a much improved calculated loop 

flow rate (Fig. 3). 

However, still some errors remain because the upper plenum liquid 

level is too low (Fig. 6) and cousequently too much vapour is entrained in 

the hot legs. 

This discrepancy is related to the fact that, as pointed out In 

Subsection 4.1.1, the solution proposed in order to improve the 

calculation of the vessel differential pressure is only partial. 

4.2.3 Inventories less than 90% 

For the 81% inventory, the results are the same as those of the basic 

sensitivity study (Subsection 4.1). 

For inventories lower than 70%, the modifications implemented in this 
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1.2 K lower than in the hot 1egs. 

However， in the experiment， the SG in1et p1enum temperature is about 

3 to 4 K 10wer than 1n the hot 1eg. So， 1t 1s conc1uded that the number 

of abnorma1 SG U-tubes is 1arger than 10% (some hand ca1cu1at1on sho嗣

that if the ve10city 1n the abnorma1 tubes 1s 10 cm/自， their number shou1d 

be about 30% in order to match the SG in1et p1enum temperature). 

lncreasing the number of abnorma1 tubes wou1d a1so 1mprove the ca1cu1ated 

100p f10w rate. 

However， 1t was considered suff1c1ent here to hand1e the key 

parameter and further improvement for the 100% inventory was not 100ked 

for. 

4.2.2 94% inventory 

10% b10cked tubes were assumed (as for the 81% 1nventory， reverse 

f10w cannot be ca1cu1ated for the highest tubes， see remarks 1n 

Subsect10ns 4.1.4朗 d4ふり resu1ting1n a much 1mproved ca1cu1ated 100p 

f1owrate(F1g.3). 

However， st111 some errors re血ainbecause the upper p1enum 1iquid 

1eve1 1s too 10w (Fig， 6) and cousequent1y too much vapour 1s entrained 1n 

the hot 1egs. 

This d1screpancy is related to the fact that， as pointed out in 

Subsect10n 4.1.1， the so1ution proposed 1n order to improve the 

ca1cu1ation of the vesse1 d1fferentia1 pressure 18 on1y part1a1. 

4.2.3 lnventories 1ess than 90% 

For the 81% inventory， the resulto are the same as those of the basic 

sensitivit; study (Subsection 4.1)・

For invent.ories 10wer than 70%， the mod1f1cations imp1emented in this 
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final calculation are very efficient: the draining of the SG U-tubes is 

eased and no more dryout occurs for the inventories studied here (as in 

the experiment). 

As discussed in Subsection 4.3.2, the key parameter here is the 

lnterfacial friction in the SG inlet plenum and in the inclined pipe 

located underneath. 

The results presented on Figures 2 through 10 show a good agreement 

with the experiment except for the differential pressure between the 

downcomer and the upper plenum (Fig. 10). This discrepancy is due to an 

insufficient draining of the dowiif low side of the SG which results in a 

too low downcomer liquid level (Fig. 7). 

Another good result of this test is that the two-phase natural 

circulations interrupted at the top of the SG U-tube for a 60% inventory 

in the calculation as compared to an experimental valve ranging from 58% 

to 69% (according to the tube, the measurement being made by the 

conduction probes) and a 49% Inventory in the basic calculation. 

With the two-phase circulation interrupted, reflux condensation takes 

place. For the 60% inventory, this calculation shows that the reflux 

liquid velocity in the hot legs is about 1 cm/s and the vapour velocity 

about 70 cm/s. 

4.3 Other tests 

Other sensitivity tests related to the previous one are briefly 

reported here. The remaining sensitivity tests which were performed for 

other purposes are presented in Appendix 2. 

4.3.1 Interfacial friction in the vessel riser 

In the step No.l described In Subsection 4.1.1, another way to 
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flnal calculatlon are very efflclent: the dralnlng of the SG U-tubes Is 

eased and no more dryout occurs for the lnventorles studled here (as 1n 

the experlment). 

As dlscussed ln Subsectlon 4.3.2， the key parameter here Is the 

lnterfaclal frlctlon ln the SG inlet plenum and In the lncllned plpe 

located underneath. 

The results presented on Flgures 2 through 10 show a good agreement 

wlth the experlment except for the dlfferentlal pressure between the 

downcomer and the upper plenum (Flg. 10). Thls dlscrepancy Is due to an 

1nsuff1c1ent dra1n1ng of the do~flow s1de of the SG wh1ch results 1n a 

too low downcomer liquld level (Fig. 7). 

Another good re自ultof thls test 1s that the two-phase natural 

c1rculatlons lnterrupted at the top of the SG U-tube for a 60% lnventory 

ln the calculatlon as compared to an experlmental valve ranglng from 58% 

to 69% (accordlng to the tube. the measurement belng made by the 

conductlon probes) and a 49% Inventory ln the baslc calculatlon. 

Wlth the two-phase clrculatlon lnterrupted， reflux condensatlon takes 

place. For the 60% lnventory. this calculation shows that the reflux 

liquid velocity ln the hot legs Is about 1 cm/s and the vapour veloclty 

about 70 cm/s. 

4.3 Other tests 

Other sensltlvlty tests related to the previous one are briefly 

reported here. The remainlng sensltivity tests whlch were performed for 

other purposes are presented in Appendix 2. 

4.3.1 Iaterfaclal frlctlon ln the vessel rlser 

1n the step No.1 described in Subsectfon 4.1.1. another wav to 
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Improve the calculatin of the differential pressure between the downcomer 

and the upper plenum Is to decrease the interfacial friction in the vessel 

riser. The idea subjacent to this test is to take into account a 

suspected phase separation effect because, during steady state with pumps 

on (100% inventory), large temperature differences (up to 30 K) are 

observed at the top of the core between thermocouples located at different 

redial positions (the radial power factor between the low heat flux rods 

and the high heat flux rods 13 2.3)* 

Also this test tries to cope with the fact that RELAP5/M0D2 has no 

interfacial friction model specific to the rod bundle geometry although 

the flow pattern in such a geometry is known to be different from the flow 

pattern in tubes* Some papers have reported some shortcomings of 

RELAP5/MOD2 in this field. An example is found in [9], but the 

measurements which are quoted do not allow to discriminate between the 

effect of wall friction and the effect of interfacial friction. 

Following the same process as in step No.l it is found that the 

adjustment with the DP through the vessel requires to divide the 

interfacial friction in the vessel riser by an amout of 1000. This order 

of magnitude seems very high and leads to rather unrealistic results such 

as very low void fraction In the core (no more than 5%). 

Fart of this result can be explained by the fact that, as discussed 

In Subsection 4.11, the discrepancy found for the vessel DP is solved 

through modification of the physical models in the vessel riser oiily 

(althouth some discrepancy also exists in the downcomer). 

So it is concluded that some shortcomings in the interfacial friction 

model cannot be excluded. However, an improvement of this model based on 

this natural circulation test seems rather difficult to obtain because the 

measurements are not designed for this purpose and because the 
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improve the ca1cu1atin of the differentia1 pressure between the downcomer 

and the upper plenum 1s to decrease the 1nterfac1a1 fr1ct1on 1n the vesse1 

riser. The idea subjacent to this test is to take into account a 

suspected phase separation effect because， during steady state with pumps 

on (100% inventory)， 1arge temperature d1fferences (up to 30 K) are 

observed at the top of the core between thermocouples 10cated at different 

red1al pos1t1ons (the rad1a1 power factor between the low heat flux rod8 

and the high heat f1ux rods 13 2.3)・

Also this test tries to cope w1th the fact that RELAP5!MOD2 has no 

1nterfacial friction model specific to the rod bundle geometry a1though 

the flow pattern in such a geometry 1s known to be different from the f10w 

pattern in tubes. 50me papers have reported some shortcomings of 

RELAP5!MOD2 1n this f1e1d. An e祖国p1eis found in [9]， but the 

measurements which are quoted do not allow to discriminate between the 

effect of wa1l frict10n and the effect of 1nterfacia1 fr1ct1on. 

Follow1ng the same process as 1n step No.1 it is found that the 

adjustment with the DP through the vessel requ1res to d1vide the 

1nterfac1al fr1ct10n ln the vesse1 riser by an amout of 1000. This order 

of magnitude seems very high and 1eads to rather unrea1lst1c results such 

as very low void fraction 1n the core (no more than 5%)・

Part oi th1s result can be explained by the fact that， as discussed 

1n Subsect10n 4.11， the d1screpancy found for the vessel DP 1s solved 

through mod1f1cation of the physical models 1n the vesse1 riser ollly 

(a1thouth some d1screpancy a1so exists in the downcomer). 

50 1t is conc1uded that 80me shortcom1ngs 1n the 1nterfacia1 fr1ctlon 

mode1 cannot be exc1uded. However， an improvement of thls mode1 based on 

thls natura1 circu1at1on test seems rather difficult to obtaln because the 

measurements are not designed for this purpose and because the 
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modification of the present model Is probably dependent on the flow rate. 

A.3.2 Interfaclal friction In the SG Inlet plenum region 

For the Inventories lower than 60% two other sensitivity tests were 

performed. 

In the first one, the only difference with the basic calculation is 

that the Interfaclal friction Is reduced by a factor of 100 In the 

Inclined pipe located under the SG Inlet plenum and In the plenum Itself. 

Roughly the same kind of results as In the final calculation was obtained. 

In the second one, Instead of reducing the Interfaclal frlclton by a 

factor of 100, slug flow Is assumed In the same region. Here again, 

roughly the same kind of results as in the final calculation was obtained. 

These tests show that, at low primary inventories, the friction in 

the vessel riser has no effect on the results (low velocities). They also 

show that the interfacial friction in the region of the SG inlet plenum is 

clearly a key parameter. 

4.3.3 Nodalization of the top of the downcomer and condensation in the 

downcomer 

In the Step 1 of the basic sensitivity test (Subsection 4.1.1) it is 

found that the liquid level in the downcomer Is overestimated: this level 

is located above the top of the cold legs in the calculation instead of 

being in front of the cold legs as in the experiment. 

Some explanation of this discrepancy might be the existence of a 

temperature stratification in the liquid with a low condensation of the 

vapour (this vapour is coming from the upper head) at the interface. 
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modification of the present model is probably dependent on the flow rate. 

4.3.2 Interfacial friction in the SG inlet plenum region 

For the inventories lower than 60% two other sensitivity tests were 

performed. 

In the first one， the only difference with the ba自iccalculation is 

that the interfacial frict10n 1s reduced by a factor of 100 in the 

inclined p1pe located under the SG 1nlet plenum and in the plenum itself. 

Roughly the same kind of results as in the f1nal calculation was obta1ned. 

In the second one， instead of reducing the interfacial friciton by a 

factor of 100， slug flow is assumed in the same region. Here again， 

roughly the same k1nd of resu1ts as in the f1na1 calculation was obta1ned. 

These tests show that， at low primary inventories， the friction in 

the vessel riser has no effect on the results (low velocities). They a1so 

show that the interfacia1 friction in the region of the SG in1et p1enum is 

clear1y a key parameter. 

4.3.3 Noda1ization of the top of the downcomer and condensat1on in the 

downcomer 

In the Step 1 of the basic sensitivity test (Subsection 4.1.1) it is 

found that the liquid 1evel in the downcomer is overestimated: this 1evel 

is located above the top of the co1d 1egs in the ca1cu1ation instead of 

being in front of the co1d 1egs as in the experiment. 

Some exp1anation of this discrepancy might be the axistence of a 

temperature stratiflcatlon ln the 11quld wlth a 10w condensation of the 

vapour (this vapour is coming from the upper head) at the interface. 
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This effect was studied by modifying the nodal lza t lon of the upper 

part of the downcomer and running the c a l c u l a t i o n In the same way as s tep 

t to . l . 

UPPER HEAD 
T-

Branch . 
H=0.6m 

I 

- Single 
Volume 
H=1.6m 

-{COLD LEG 

UPPER HEAD 

£ ir 
_ Annulus Divided 

Into 8 Sections 
H=1.6m 

Single Volume H=0.2m 

Branch ^ H C O L D LEG 
H = 0.2m H=3~° 

1 ^ S i n g l e Volume H=0.2m 

Basic Calculation This Test 

For the 94% Inventory (with the liquid lerel located In a single 

volume for the basic calculation) the difference between the two 

calculations is negligible* This result is due to the fact that in the 

basic calculation the liquid present in the single volume is at the 

saturation temperature* In particular, it is noted that the upper plenum 

liquid level remains underestimated. 

For the 212 inventory, the liquid level in the downcomer is pushed 

downward along a 12 cm height (In this test) and reaches the top of the 

cold legs. This result can be explained by the fact that in the basic 

calculation the liquid present in the branch is divided into 3 components 

as in this test, the upper component becomes saturated so that 

condensation decreases and the liquid level drops until it reaches the top 

of the cold legs. 

For the 21% inventory it was also checked that It Is possible to 

lower further the downcomer liquid level by decreasing the interfacial 
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Th1s effect was stud1ed by mod1fy1ng the llodalizat1on of the upper 

part of the downcomer and runn1ng the ca1cu1at10n 1n the same way as step 

No.1. 

Annulus Divided 

Branch 

H=O.6m 

Basic Calculation 

Branch 

H=O.2m 

This Test 

For the 94% 1nventory (w1th the 11qu1d 1ere1 10cated 1n a s1ng1e 

vo1ume for the bas1c ca1cu1at10n) the d1fference between the two 

ca1cu1at1ons 1s neg11g1b1e. Th1s resu1t 1s due to the fact that 1n the 

bas1c ca1cu1at10n the 11qu1d present 1n the slng1e v01ume 1s at the 

H=O.2m 

H=O.2m 

saturat10n temperature. 1n part1cu1ar， 1t 1s noted that the upper p1enum 

11qu1d 1eve1 rema1ns underest1mated. 

For the 21% inventory， the 11qu1d 1evel 1n the downcomer 1s pushed 

downward a10ng a 12 cm he1ght (1n th1s test) and reaches the top of the 

c01d 1egs. Th1s resu1t can be expla1ned by the fact that 1n the basic 

ca1cu1ation the 1iqu1d present 1n the branch 18 d1v1ded into 3 components 

88 1n th18 te8t， the upper component becomes saturated so that 

conden8ation decreases and the 1iqu1d 1eve1 drOp8 unt11 1t reaches the top 

of the c01d 1eg8. 

For the 21% inventory it was a1so checked that 1t 1s poss1b1e to 

lower further the downcomer liquid leve1 by decreasing the 1nterfac1a1 
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condensation coefficient in the branch facing the cold leg (reducing this 

coefficient by a factor of 10 results in a 2 cm drop of the liquid level). 

Such a modification has obviously no effect for the 94% inventory, 

because, as noted above, the vapour located at the top of the downcomer is 

in contact with saturated liquid. 

Finally this test shows that there is a small effect of the 

nodalization and of the condensation model on the liquid level in the 

downcomer. However, this effect does not explain the overall discrepancy 

between the experiment and the calculation about the liquid distribution 

in the vessel for inventories larger than 80%. 

5. Conclusions 

This analysis shows that RELAP5/MOD2 cycle 36.00 is able to 

qualitatively simulate the loop flow patterns which were observed during 

the ST-NC-02 natural circulation test on LSTF: single phase natural 

circulation, two-phase natural circulation, reflux condensation as well as 

the oscillations related to the transition between the two latter flow 

patterns. 

Two topics of interest have been pointed out in this report: the 

primary flow rate and the energy removal from the primary circuit (until 

core dryout occurs). In those two fields, the basic calculation exhibits 

large discrepancies from the experiment: during two-phase natural 

circulation, the loop flow rate Is sometimes more than 50% overestimated; 

during reflux condensation, dryout In the core occurs for a too large 

Inventory (larger than 49% instead of about 24% in the experiment). 

The reasons for those discrepancies have been identified as: 

' The liquid distribution in the vessel is not correctly 
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condensation coefficient in the branch facing the co1d 1eg (reducing this 

coefficient by a factor of 10 resu1ts in a 2 cm drop of the liquid 1evel). 

Such a modification has obvious1y no effect for the 94% inventory， 

because， as noted above， the vapour located at the top of the downcomer is 

in contact with saturated 1iquid. 

Fina11y this test shows that there 1s a sma11 effect of the 

nodalization and of the condensation model on the 1iquid level in the 

downcomer. However， this effect does not explain the overa11 discrepancy 

between the experiment and the calculation about the liquid distribution 

1n the vessel for inventories larger than 80%. 

5. Conclusions 

This analysis shows that RELAP5/MOD2 cycle 36.00 is able to 

qualitatively simulate the loop flow patterns which were observed during 

the ST-NC・02naturaJ circulat10n test on LSTF: s1ngle phase natural 

circulation， two-phase natural circulat10n， reflux condensation as well as 

the oscil1ations relate~ to the transition between the two latter flow 

patterns. 

Two topics of interest have been pointed out 1n this report: the 

primary flow rate and the energy removal from the primary circuit (until 

core dryout occurs)・1nthose two fields， the basic calculation e.hibits 

large discrepancies from the experiment: during two-phase natural 

circulation， the loop flow rate is sometimes more than 50% overestimated; 

dur1ng reflux condensat1on， dryout in the core occurs for a too large 

inventory (larger than 49% instead of about 24% in the experiment). 

The reasons for those discrepancies have been identified as: 

The l1quld dlstrlbut10n 1n the vessel 1s not correctly 
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calculated. To a little extent, this is due to the 

nodalization of the downcomer. 

* The differential pressure in the vessel riser is 

underestimeted. This is due to some shortcoming either in 

the interfacial friction or in the wall friction. The 

experimental results do not allow to discriminate between 

these two parameter effects. 

In the experiment, some SG U-tubes are in abnormal conditions 

(reverse flow) and provide a limitation to the loop flow 

rate. The nodalization must take them into accout. 

* The interfacial friction in the SG inlet plenum and in the 

Inclined pipe located underneath is overestimated. In the 

experiment, the phases in this region tend to separate and 

the interfacial friction is low. 

Host of these discrepancies have been corrected in the final 

calculatln which uses a very simple set of corrections. However the 

applicability of these corrections to other test conditions has not been 

confirmed. 

This final calculation must be regarded mainly as a way of 

quantification of parameter effects. In particular, it shows that the 

interfacial friction in the SG inlet plenum and in the inclined pipe 

located underneath is about 100 times overestimated. Assuming slug flow 

(rather than bubbly) in this region gives fairly good results. Also, this 

calculation shows that up to 40% of the SG U-tubes were probably in 

abnormal conditions during the experiment. Nevertheless their effect on 

the loop flow rate was no more than 10%. 

If a very general correction of the shortcomings of the code observed 

in the basic calculation is looked for, it should be done through the 
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calculated. To a little extent， this is due to the 

nodalization of the downcomer. 

The differentiaJ. pressure in the vessel riser is 

underestimeted. This is due to some shortcoming either in 

the interfacial friction or in the wall friction. The 

experimental results do not allow to discriminate between 

these two parameter effects. 

1n the experiment， some SG U-tubes are in abnormal conditions 

(reverse flow) and provide a limitation to the loop flow 

rate. The nodalization must take them into accout. 

The interfacial friction in the SG inlet plenum and in the 

inclined pipe located underneath is overestimated. 1n the 

experiment， the phases in this region tend to separate and 

the interfacial friction is low. 

Most of these discrepancies have been corrected in the final 

calculatin which uses a very simple set of corrections・Howeverthe 

applicability of these corrections to other test conditions has not been 

confirmed. 

This final calculation must be regarded mainly as a way of 

quantification of parameter effects. 1n particular， it shows that the 

interfacial friction in the SG inlet plenum and in the inclined pipe 

located underneath is about 100 times overestimated. Assum1ng slug flow 

(rather than bubbly) in this region gives fairly good resu1ts・Also，this 

calculation shows that up to 40% of the SG U-tubes were probably 1n 

abnormal conditions dur1ng the exper1ment. Nevertheless the1r effect on 

the loop flow rate was no more than 10%. 

If a very general correct10n of the shortcom1ngs of the code observed 

1n the ba・lccalculatior. 1s looked for， 1t should be done through the 
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study of separate effect tests- This is the case especially for: 

' the interfacial friction and/or the form loss coefficients in 

a rod bundle geometry. 

* the interfacial friction in the SG inlet plenum and the 

inclined pipe located underneath. 

Finally, two issues remain to be clarified : 

" the discrepancy about the liquid distribution in the vessel 

(especially the liquid level in the downcomer). In 

particular, some possible bypass effect should be further 

investigated. 

* the reason for which RELAP5/M0D2 does not allow reverse flow 

in the abnormal SG U-tubes for the 94% and 81% inventories. 

Some shortcoming in the package of "wall friction + 

interfacial friction + condensation" is suspected here-
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study of separate effect tests. This is the case especially for: 

the interfacia1 friction and/or the form 10ss coefficients in 

a rod bundle geometry. 

the interfacial friction in the SG inlet plenum and the 

inclined pipe 10cated underneath. 

Final1y， t旬。 issuesremain to be c1arified 

the d1screpancy about the 11qu1d distr1but10n in the vessel 

(especia11y the l1quid 1eve1 in the downcomer). In 

particu1ar， some poss1ble bypass effect shou1d be further 

investigated. 

the reason for wh1ch RELAP5/MOD2 does not allow reverse flow 

1n the abnorma1 SG U-tubes for the 94% and 81% inventories. 

Some shortcoming in the package of "官官11frict10n + 

interfacial friction + condensation" is suspected here. 
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Fig. 19 U-Tube Level Osc i l l a t ions (Experiment, Tube 2) 
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Fig. 20 U-Tube Level Oscillations (Experiment, Tube 5) 
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Fig. 21 U-Tube Level Oscillations (Experiment, Tube 4) 
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Appendix 1 Experimentally measured multidimensional behaviour 

of the SG U-tubes 

The experimental results show that for inventories larger than 80% 

the flow in some SG U-tubes stops or possibly goes in the opposite 

direction to the mean flow. 

In those tubes, the fluid temperature is equal to the secondary side 

temperature all along the tubes. As the conduction probes located at the 

top of these isothermal tubes are wet, it means that the liquid continuum 

Is not Interrupted and that the flow goes in the reverse direction because 

some increase of pressure is measured from the tube inlet to outlet (the 

differential pressure is imposed by the other tubes in which the friction 

effect is small as compared to the static head effect), this behaviour is 

evidenced by the fact that, for the 100% inventory for instance, the SG 

inlet plenum temperature is about 4 K lower than the hot leg temperature. 

Six tubes per SG are instrumented (and each SG has 141 tubes). 

At 100% inventory, all the longest measured SG tubes (2 per SG) are 

in these abnormal conditions and all of them remain in such conditions 

until the 85% inventory is reached. 

At 85% inventory, some of the mean measured SG tubes (2 per SG) also 

behave in the same abnormal way and it goes on together with some of the 

longest measured tubes until the 80% inventory is reached. 

For inventories lower than 80% this behaviour does no more occur. 

The trigger for the behaviour of those abnormal U-tubes is not well 

understood. So the final calculation presented in this study does not 

try to calculate the onset of the phenomenon but tries to quantify its 

effect and to calculate reverse flow once the temperature becomes uniform 

in some tubes. 
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Appendix 1 Experimenta11y measured mu1t1d1mens10na1 behaviour 

of the SG U-tubes 

The experimenta1 resu1ts show that for inventories 1arger than 80% 

the flow in some SG U-tubes stops or possib1y goes in the opposite 

direction to the mean f10w. 

1n those tubes. the f1uid temperature is equa1 to the secondary自ide

temperature a11 a10ng the tubes. As the conduction probes 10cated at the 

top of these isothermal tubes are wet. it means that the 1iquid continuum 

i8 not interrupted and that the flow goes in the reverse direction becaU8e 

some increa8e of pressure i8 measured from the tuTe inlet to out1et (the 

differential pressure is imposed by the other tubes in which the friction 

effect is sma11 as compared to the static head effect). This behaviour is 

evidenced by the fact that. for the 100% inventory for 1nstance. the SG 

in1et p1enum temperature 1s about 4 K 10wcr than the hot 1eg temperature. 

Six tubes per SG are 1nstrumented (and each SG hss 141 tubes)・

At 100% inventory. a11 the longest measured SG tubes (2 per SG) are 

in these abnorma1 conditions and a11 of them remain in such conditions 

unti1 the 85% 1nventory is reached. 

At 85% inventory. some of the mean measured SG tubes (2 per SG) a1so 

behave in the same abnormal way and it goes on together w1th some of the 

longeat measured tubes until the 80% inventory 1s reached. 

For inventoriea 10wer than 80% this behaviour does no more occur. 

The trigger for the behav10ur of those abnormal U-tubes 1s not we11 

underatood. 80 the fina1 ca1culat10n presented 1n this study does not 

try to calcu1ate the onset of the phenomenon but tries to quantify its 

effect and to ca1culate reverse f10w once the temperature becomes un1form 

in IIOlle tubea. 
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The fluid velocity in the abnormal tubes can be simply evaluated by 

negleting the form loss at the tubes inlet and outlet and assuming that 

the differential pressure between the inlet and outlet of those tubes is 

due to friction only. The orders of magnitude are the following ones : 

V - 0.01 m/s DP - 1.5 Pa 

V - 0.1 m/s DP - 0.1 kPa 

V - 1 m/s DP - 6 kPa 
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The fluld veloclty in the abnorma1 tubes can be simp1y eva1uated by 

neg1etlng the form 10ss at the tubes ln1et and out1et and assuming that 

the differentia1 pressure between the in1et and out1et of those tubes is 

due to frict!on oo1y ・Theorders of magnitude are the following ones 

v・0.01m/s 

v・0‘1 m/s 

v・1 m/s 

DP -1.5 Pa 

DP • 0.1 kPa 

DP・6 kPa 
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Appendix 2 Other sensitivity tests 

The following sensitivity tests are performed by changing only one 

parameter of the calculation. However the final calculation (presented in 

section 4) shows that more than one parameter must be modified in order to 

calculate correctly this natural circulation test. 

Nevertheless those tests are presented here as a piece of additional 

information which provides a better knowledge both of the test and of the 

behaviour of RELAP5/MOD2. 

A2.1 Effect of the abnormal SG U-tubes without any correction of the 

vessel differential pressure 

The overall DP distribution throughout the primary circuit for the 

basic calculation is shown in the Table below. A is located in the cold 

leg, B in the hot leg and C is located in the cross-over leg below the SG 

outlet at the altitude of the horizontal legs. DPgg is the dif,^rence 

between the pressure at the top of the SG inlet plenum and at the top of 

the SG outlet plenum 

Inventory P A " P B PB - P C P C " P A D PSG 

1002 -0.9 -1.8 2.7 -0.36 

94% -1.8 -1.9 3.7 -0.15 

81% -6.0 
I 

-4.0 10.0 -0.60 

Unit : kPa 

This table shows that, for the RELAP5 basic calculation, the increase 

of pressure through the SG is small, both in alsolute value and as 
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Appendix 2 Other sensitivity tests 

The following sensitivity tests are performed by changing only one 

parameter of the calculation. However the final calculation (presented in 

section 4) shows that more than one parameter must be modified in order to 

calculate correctly this natural circulat10n test. 

Nevertheless those tests are pres邑ntedhere as a piece of additional 

information which provides a better knowledge both of the test and of the 

behaviour of RELAP5/MOD2. 

A2.1 Effect of the abnormal SG U-tubes w1thout Imy correct1on of the 

vessel dlfferential pressure 

The overall DP distribution throughout the primary circuit for the 

basic calculation is shown in the Table below. A is located in the cold 

leg. B in the hot leg and C 1s located in the cross-over leg below the SG 

outlet at the altltude of the horizontal legs. DPSG is the dif.、rence

between the pressure at the top of the SG inlet plenum and at the top of 

the SG outlet plenu皿

lnventory PA -PB PB -Pc Pc -PA DPSG 

100% -0.9 -1.8 2.7 -0.36 

94% -1.8 -1.9 3.7 ー0.15 I 

81% -6.0 -4.0 10.0 -0.60 

Unit kPa 

Thio tab1e ohows that. for the RELAP5 baslc calculation. the increase 

of preosure through the SG 1s oma11. both in alsolute value and as 
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compared to the other DP In the circuit. 

In those conditions the effect of the abnormal SG U-tubes (see 

Appendix 1) on the loop flow rate can be only very small. This was 

verified through some sensitivity tests performed in the same way as in 

Subsection 4.1.4. 

A2.2 Modification of the primary pressure 

For the 94% inventory, the primary pressure is understimated (Fig 2). 

In order to study the effect of this understimation, the pressurizer was 

connected to a "time dependent volume" imposing the experimental 

pressure. In those conditions a 60 kg (about 1%) increase In the primary 

Inventory is observed and the loop flow rate decreases from 7.8 kg/s to 

7.2 kg/s (instead of about 6.3 kg/s in the experiment for 94% to 95% 

inventories). So the discrepancy with the experiment is reduced to 14%. 

For the 81% inventory, the discrepancy on the primary pressure is 

small (Fig 2). Using the same method results in a very small effect on 

the loop flow rate (a 4% increase in the loop flow rate is observed, 

probably related to the increase of the primary inventory). 

A2.3 Nodalization 

When the primary inventory decreases from the initial full inventory, 

the increase in the loop flow rate is much related to the time when the 

decreasing froth level in the upper plenum reaches the level of the hot 

legs: from that time, a larger amount of vapour can flow towards the SGs, 

increasing the void fraction in the upflow side of the SGs and therefore 

Increasing the loop flow rate. 

So, the calculation of the level in front of the hot legs is an 
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compared to the other DP in the circuit. 

ln those conditions the effect of the abnormal 8G U-tubes (see 

Appendix 1) on the loop flow rate can be on1y very small. This was 

verified through some sensitivity tests performed in the same way as in 

Subsection 4.1.4. 

A2.2 Modification of the primary pressure 

For the 94% inventory， the primary pressure is understimated (Fig 2)・

ln order to study the effect of thls understlmation， the pressurizer was 

connected to a "tlme dependent volume" imposing the experimenta1 

pressure. ln those conditions a 60 kg (about 1%) increase in the primary 

inventory is observed and the loop flow rate decreases from 7.8 kg/s to 

7.2 kg/s (instead of about 6.3 kg/s in the experiment for 94% to 95% 

lnventorles). 80 the discrepancy with the exper1ment 1s reduced to 14%. 

For the 81% 1nventory， the dlscrepancy on the prlmary pressure is 

sma11 (Flg 2). Using the same method resu1 ts in a very sma11 effect on 

the 100p flow rate (a 4% lncrease in the loop flow rate is observed， 

probab1y related to the increase of the primary inventory)・

A2.3 Nodalization 

When the primary inventory decreases from the initial fu1l inventory， 

the increase in the loop flow rate is much related to the t1me when the 

decreas1ng froth level 1n the upper plenum reaches the level of the hot 

legs: from that t1me. a larger amount of vapour can fl.ow toward自 the8Gs， 

increas1ng the void fract10n 1n the upf10w s1de of the 8Gs and therefore 

increasing the loop flow rate. 

So， the calculat10n of the level 1n front of the hot legs is an 
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important parameter. However the definition of level does not exist in 

RELAP5 for the vertical volumes such as the ones which are used for the 

nodalization of the upper plenum. In those volumes REIAP5 deals only with 

the mean void fraction in each node. 

Consequently some effect of the height of the volume located in front 

of the hot legs is suspected. In the basic calculation, the volume height 

is 0.6 meter and Che hot legs are connected at mid-height by cross-flow 

junctions. In the sensitivity test presented here, this height was chosen 

equal to the hot leg diameter (0.207 m) and the volumes located above and 

underneath were lengthened accordingly. 

The calculated loop flow rate is compared to the basic 

calculation and the experimental value on the following Table 

Inventory Experiment Basic Present 

94% 6.3 7.8 7.6 

So, a small effect of the nodalization is found. However this effect 

disappears for the 81% inventory. 

A2.4 Bypass paths 

The basic calculation assumes a 2% bypass between the upper head and 

the downcomer. However some calibration tests (with nitrogen) showed that 

a small bypass did exist during the natural circulation experiments 

between the top of the upper plenum and the downcomer. The flowrate 

through the bypass was not measured. 

The sensitivity test presented here aims at handling what would be 

the qualitative effect of this bypass. 
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1mportant parameter. However the definit10n of 1eve1 does not ex1st 1n 

RELAP5 for the vertica1 volumes such as the ones which are used for the 

noda11zat10n of the upper plenum. 1n those vo1umes RELAP5 deals on1y w1th 

the mean void fraction in each node. 

Consequently some effect of the height of the vo1ume located in front 

of the hot 1egs is suspected. 1n the basic calculation， the volume he1ght 

is 0.6 meter and the hot legs are connected at mid-height by cross-f10w 

junctions. 1n the sensit1vity test presented here， th1s height was chosen 

equal to the hot leg diameter (0.207 m) and the volumes located above and 

underneath were 1engthened according1y. 

The calculated loop flow rate is compared to the basic 

calculation and the experimental va1ue on the fol10wing Table 

1nventory Experiment 

94% 6.3 
Unit kg/自

50， a small effect of the nodal1zation is found. However this effect 

disappears for the 81% 1nventory. 

A2.4 Bypass paths 

The basic calculat10n assumes a 2% bypass between the upper head and 

the downcomer. However some calibration tests (with nitrogen) showed that 

a small bypass did exist during the natural circulation exper1ments 

between the top of the upper plenum and the downcomer. The flowrate 

through the bypass was not measured. 

The sensit1vity test presented here a1ms at handling what would be 

the qualitative effect of this bypass. 
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The choice of the bypass value was made in order to match the 

measured DP between the downcomer and the upper plenum (DPE140) during 

steady state with pumps on. This leads to a rather unrealistic 6.9% value 

for the bypass and introduces a discrepancy between the measured and 

calculated pump head (see table below). So, some inconsistency In the 

experimental data (related to the measurement uncertainty) is found. 

Experiment Basic Present 

Pump speed 
(rd/s) 

86 93 90 

DPE 140 
(kPa) 

5.0 6.5 5.0 

Pump head 
(kPa) 

10.7 11.1 9.5 

Nevertheless the test was run in order to look at some qualitative 

trends. 

The main result is that this additional bypass opens a new path for 

the natural circulation inside the vessel itself, so that the circulation 

of fluid inside the vessel is greatly accelerated and becomes 

significantly different from the sum of the flow rates in the two loops. 

Without entering into more details the results for the loop flow rate (in 

kg/s) are summarized in the following table: 
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The ch01ce of the bypass value was made 1n order to match the 

measured DP between the downcomer and the upper plenum (DPE140) dur1ng 

steady state w1th pumps on. Th1s leads to a rather unrea11st1c 6.9% value 

for the bypass and 1ntroduces a d1screpancy between the measured and 

calculated pump head (see table below)・So，some 1ncons1stency 1n the 

exper1mental data (related to the measurement uncerta1nty) 1s found. 

Exper1ment Bas1c Present 

Pump speed 86 93 90 
(rd/s) 

DPE 140 5.0 6.5 5.0 
(kPa) 

Pump heed 10.;' 11.1 9.5 
(kPa) 

Nevertheless the test was run 1n order to look at some qua11tat1ve 

trends. 

The ma1n result 1s that th1s add1t10nal bypass opens a new path for 

the natural circulation 1ns1de the vessel itself， so that the circulation 

of fluid 1ns1de the vessel 1s greatly accelerated and becomes 

signif1cantly different from the sum of the flo町 rates1n the two loops. 

Without enter1ng into more details the results for the loop flow rate (in 

kg/s) are summarized 1n the follow1ng table: 
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Inventory Experiment Basic Present 

100% 6.0 6.4 6.0 

94% 6.3 7.8 11.0 

81% 9.2 I 13.8 12.4 

Finally it is observed that the qualitative trend is not consistent 

with the experimental results (large overstimation of the loop flow rate 

for the 94% inventory). Therefore, assuming that RELAP5 deals correctly 

with the effect of the bypass, it is considered that the bypass between 

the upper plenum and the downcomer is probably small and it was justified 

to neglect it. 

A2.5 Pump conditions 

The table presented in Subsection 4.1.1 shows that the pumps are the 

main contribution to the flow resistance in the primary circuit. 

Consequently it is important to check the pump conditions and their 

effect. 

As pointed out in Subsection 2.2, the basic calculation was run by 

setting the pump speed to zero. However in the experiment the pump was 

free to rotate. 

The measured pump speed was zero for every inventory. The 

measurement dead band is 1 rd/s. The consistency of the experimental data 

is checked in the following table where the measure pump speed (zero) is 

compared to the calculated one. The calculated pump speed is obtained by 
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Inventory Exper1.ment Basic Present 

100% 6.0 ? 6.4 6.0 

二オ
94% 6.3 7.8 

81% 9.2 
Unit kg/s 

F1nally 1t 1s observed that the qual1tat1ve trend 18 not cons1stent 

with the experimental results (large overstimat1on of the loop flow rate 

for the 94% 1nventory)・Therefore，assum1ng that RELAP5 deals correctly 

with the effect of the bypass， it 1s considered that the bypass between 

the upper plenum and the downcomer 1s probably smal1 and it was just1fied 

to neg1ect it. 

A2.5 Pump condit1ons 

The table presented 1n Subsection 4.1.1 shows that the pumps are the 

main contribution to the flow resistance in the primary circuit. 

Consequently it is important to check the pump cond1tions and their 

effect. 

As pointed out 1n Subsection 2.2， the basic calculation was run by 

setting the pump speed to zero. However in the experiment the pump was 

free to rotate. 

The measured pump speed was zero for every inventory. The 

measurement dead band 1s 1 rd/s. The consistency of the experimental data 

is checked in the fo11ow1ng table where the measuu pump speed (zero) is 

compared to the calculated one. The calculated pump speed is obtained by 
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using the pump characteristic curve, the measured loop flow rate and the 

measured differential pressure between the pump inlet and outlet. Single 

phase liquid is assumed at the pump. The effect of the measurement 

uncertainty (1% full range uncertainty is assumed for the DP measurement) 

is shown. 

Inventory Measured Pump 
head 
(kPa) 

Measured 
Flow rate 
(kg/s) 

Calculated 
Pump speed 
(rd/s) 

100% 
-1.2 6.0 5.5 

100% 

-1.7 6.0 0 Uncertainty effect 

79% 
-4.5 10.3 2.7 

79% 
-5.0 10.3 0 Uncertainty effect 

This table shows that the experimental data are consistent. 

In the calculation loss through the pump decreases and the flow rate 

increases. For the 81% inventory (maximum flow rate in the calculation) 

the resulting loop flow rate is 15 kg/s with the unlocked pump (instead of 

13.8 kg/s in the basic calculation and about 9.2 kg/s in the experiment) 

and the pump speed is 15 rd/s. 

Finally, as expected, the use of the "unlocked" conditions worsens 

the calculation results. However it remains possible that the pump was 

really not rotating In the experiment due to the high frictional torque 

value at low pump speed (the frictional torque of the pump is not known 

for speed smaller than 10 raa; „ and is extrapolated in a questionable way 

In the pump model used for the calculation). In particular if the pump 
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us1ng the pump character1st1c curve， the measured 100p f10w rate and the 

measured d1fferent1a1 pressure between the pump in1et and out1et. Sing1e 

phase 11quid is assumed at the pump. The effect of the measurement 

uncertainty (1% fu11 range uncerta1nty is assumed for the DP皿 asurement)

1s shown. 

lnventory Measured Pump Measured Ca1cu1ated 
head F10w rate Pump speed 
(kPa) (kg/s) (rd/s) 

-1.2 6.0 5.5 
100% 

-1.7 6.0 。 Uncertainty effect 

-4.5 10.3 2.7 
79% 

-5.0 10.3 o Uncertainty effect 

Thie tab1e shows that the experimenta1 data are cons1stent. 

ln the ca1cu1ation 10ss through the pump decreases and the f10w rate 

increases. For the 81% 1nventory (max1mum f10w rate 1n the ca1cu1at10n) 

the resu1t1ng 100p flow rate 1s 15 kg/s with the unlocked pump (1nstead of 

13.8 kg/s 1n the bas1c ca1culation and about 9.2 kg/s 1n the exper1ment) 

and the pump speed 18 15 rdl s. 

F1nally， as expected， the use of the "unlocked" cond1t10ns worsens 

the calculat10n resu1ts. However 1t rema1ns poss1b1e that the pump was 

really not rotat1ng in the experiment due to the h1gh fr1ctional torque 

value at low pump speed (the frictional torque of the p四 Pis not known 

for speed sma11er than 10 raQ，w and 1s extrapo1ated 1n a questionab1e way 

1n the p岨 pmodp.l used for the calculat1on). 1n part1cular if the p四 p
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stopped early In the experiment it might have been unable to rotate again 

thereafter. 

The fluid density in the pump is another topic of interest. For all 

the inventories the basic calculation shows that the pump is under single 

phase liquid flow. However it is probable that some vapour goes into the 

pump when there is vapour in the cold leg. This effect might increase the 

friction through the pump. Nevertheless the above table shows that for 

the 79% inventory, although the cold leg void fraction is large in the 

experiment (Fig. 9), the pump data are consistent with the assumption of 

single phase liquid. 

A2.6 Modification of the branching of the horizontal legs with the 

vessel 

As explained in Subsection 2.3 the basic calculation uses the cross-

flow option at the junctions between the horizontal legs and the vessel. 

The cross-flow option is generally recommended as a large improvement 

of RELAP5/M0D2 over RELAP5/M0D1. It makes some simplifications of the 

momentum equation in order to take into account in particular the change 

in the fluid velocity direction across the junction. 

The test presented here uses an ordinary junction between the 

horizontal legs and the vessel according to the following figure: 

BASIC CALCULATION 

P 
THIS TEST 

ZB 

n f\ 
DOWNCOMER UPPER PLENUM DOWNCOMER UPPER PLENUM 
This test was performed only for the 81% Inventory and shows a very 
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自toppedear1y 1n the experiment 1t m1ght have been unable to rotate aga1n 

thereafter. 

The f1u1d dens1ty 1n the pump 1s another top1c of 1nterest. For a11 

the 1nventor1es the bas1c ca1cu1at1on shows that the pump 1s under sing1e 

phase l1qu1d f1ow. However it 1s probab1e that some vapour goes into the 

pu皿pwhen there is vapour 1n the co1d 1eg. This effect might increa自ethe 

fr1ct1on through the pump. Nevertheless the above tabl巴 showsthat for 

the 79% inventory， a1though the co1d 1eg void fraction 1s 1arge in the 

exper1ment (Fig・9)，the pump data are consistent w1th the assumption of 

sing1e phase 1iquid. 

A2.6 Mod1f1cat1on of the branch1ng of the horizonta1 legs w1th the 

vesse1 

As exp1ained 1n Subsectior. 2.3 the basic calcu1at1on uses the cross-

f10w option at the junctions between the horizontal 1egs and the vessel. 

The cross-flow option 1s genera11y recommended as a 1arge 1mprovement 

of RELAP5!MOD2 over RELAP5!MOD1. It makes some s1mplif1cat10ns of the 

阻omentumequat10n 1n order to take 1nto account 1n particular the change 

1n the f1u1d ve10city d1rection across the junct1on. 

The test presented here uses an ord1nary junct10n between the 

hor1zonta1 1egs and the vesse1 accord1ng to the f011ow1ng f1gure: 

BASIC CALCULATION THIS TEST 

弔亡
∞WNCO阻 R UPPER PLENUM DOWNCOMER UPPER PLENUM 

Th1s test wss performed on1y for the 81% 1nventory and shows a very 
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large effect on the loop flow rate which becomes equal to 11.0 kg/s 
(Instead of 13.8 kg/s in the basic calculation and about 9.2 kg/s in the 
experiment). 

However this Improvement in the calculation of the loop flow rate is 
obtained by means of a worse distribution of the liquid in the primary 
circuit: in particular, a large amount of liquid Is found in the downcomer 
above the level of the cold legs (contrary to the experiment). 

Finally It is concluded that the mode of branching chosen in this 
test does not account better for the experimental results. Connecting the 
horizontal legs "above" the adjacent volume in the vessel (instea • of 
"under" in the test presented here) does no more improve the results. 
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large effect on the loop flow rate whlch becomes equal to 11.0 kg/s 

(lnatead of 13.8 kg/s ln the baslc calculat10n and about 9.2 kg/s in the 

exper1ment)・

Ho鴨 verth1a 1mprovement 1n the calculat10n of the loop flow rate is 

obtained by means of a worse d1stribut1on of the liqu1d in the pr1mary 

circu1t: 1n part1cular. a large amount of liquid is found in the downcomer 

above the level of the cold legs (contrary to the expetiment). 

F1nal1y 1t 1s concluded tiaat the mode of branching chosen in this 

test doea not account better for the exper1mental results. Connecting the 

hor1zontal legs "above" the adjacent volu臨 1nthe vessel (instea<! of 

"under" in the test presented here) does no more 1mprove the results. 
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