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:

ABSTRACT
i ,

,

Independent assessment of the TRAC code was conducted at the Centre d' Etudes
Nucleaires de Grenoble of the Comissariate a l'Energie Atomique (France)
in the frame of the ICAP.

'This report presents the results of the assessment of TRAC-PF1/ MOD 1 version
14.3 using critical flow steady state tests (MOBY.-DICK, SUPER-M0BY-DICK),
and blowdown tests (CANNON, SUPER-CANNON, VERTICAL-CANON, MARVIKEN,
OMEGA-TUBE, OMEGA-BUNDLE),.-
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EXECUTIVE SUMMARY [
,

k

i Objectives ;

_

Independent assessment of the TRAC code was performed using the cri-
tical flow steady state tests MOBY-DICK and SUPER-MOBY-DICK, and the
blowdown tests CANON, SUPER-CANON, VERTICAL-CANON, MARVIKEN, OMEGA-TUBE
and OMEGA-BUNDLE. The assessment studies include base case simulation
and sensitivity studies (among others nodalization sensitivity, and runs
with the choked flow model and with natural choking).

These experiments are devoted to phenomena that occur during bloNdoWD
transients in a nuclear power plant, but are not representative of a po- .;

wer plant like plant subscale test facilities. The objective of the as-
sessment of the code using separate erfects experiments is then rather
to derive conclus bns concerning the models and constitutive laws of the
code, than concl%sions concerning directly plant accident analysis.

'

2 Run Statistics
_____.

All the runs were performed on a CRAY-XMP-2200 computer with the code
TRAC-PF1/ MOD 1 version 14.3.

The extremum CPU time per' cell per time step are given hereafter for
each experiment (in CPU s a10+3).
MOBY-DICK 1.1 - l'.4

SUPER-MOBY-DICK 0.6 - 1.2

CANCN : 1.7 - 2.5

L SUPER-CANON : 1.7 - 2.8

VERTICAL-CANON : 1.1 - 1.2

.MARVIKEN : 1.6 - 1.9

OMEGA-TUBE : 1.3 - 1.6

OMEGA-BUNDLE : 1.4 - 1.6

The largest CPU times per cell per time step correspond to the CANON
and SUPER-CANON tests with a break equal to the pipe diameter, for which
the blowdown transients are very fast (about i s from the opening of the

break until the atmospheric pressure is reached).

0 ..- _ _ _ _ - - -. . - . _ _ _ _ _ - - - _ _ _ ___:
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3 Oonclusions 1
-\

|
1

3.1 General Agreement

The general agreement between the critical flow and blowdown tests
and TRAC is moderates the major trends are correctly predicted, and the l

-thermal hydraulic phenomena are rather properly modelled. However, TRAC .{
values are frequently outside the data uncertainties. .i

3.2 Critical Flow i

:

The use of the choked flow model is convenient for fast transient-
tests, like CANON, SUPER-CANON, VERTICAL-CANON, OMEGA-TUBE and OKEGA-

;

Bt!NDLE tests, for which it works well. '

i.
Similar results are obtained with natural choking and the choked flow

model for steady state or low transient tests without interphase dese-
quilibrium (part of MOBY-DICK, SUPER-MOBY-DICK and MARVIKEN tests).

The predictions with natural choking are far trem the data for fast U
transients tests with two phase flow at the break (CANON, SUPER-CANON,
OMEGA-TUBE, OMEGA-BUNDLE). When the break flow rapidly becomes single e

phase vapor flow, the discrepancy with the data is smaller than for the j
other tests (CANON-VERTICAL). The lack of a virtual mass. term in natural '

choking probably takes part in the bad prediction of fast transients.
,

!

The lack of a thermal desequilibrium model in the choked flow . model
. yields a worse agreement with data than natural choking for steady state '

or low transients tests with interphase desequilibrium (part of MOBY-
DICK, SUPER-MOBY-DICK and KARVIKEN tests).

3.3 Constitutive Laws

No irremediable failure in the constitutive laws of TRAC was found.
However some improvements should be made, concerning the CHF correla-
tion, the boiling ini:eption model and the interfacial shear stress coef-
ficient.

4 Recommended Code Improvements

4.1 Critical Heat Flux Correlation

The Biasi CHF correlation used-in TRAC is not suitable for low quali-
ties and for large mass flow rates. Too early boilir.g crisis are then
obtained for OMEGA-TUBE tests.

I
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A CHF correlation more suitable for low qualities and large mass flow ;

rates is needed.
'

4.2 Break Flow

The use of the choked flow model gives poor agreement between TRAC ;

and data for steady state and low transient tests with significant in- |

terphase thermal desequilibrium. On the other hand, too f ast transients
are predicted with natural choking for fast blowdown transients, and the

'

lack of a virtual mass term probably takes part in this discrepancy.

i

Improvements are needed in order to predict break flows without the !
'help of any model. The addition of a virtual mass term may give better

agreements. Meanwhile an improvement of the choked flow model is needed
in order to take into account the interphase thermal desequilibrium,

t

4.3 Delayed Boiling Model

The predicted boiling inception corresponds to the saturation pres-
sure. The inception of boiling is then predicted too early in the simu- |

lation of quite all the tests. ;
i

A delayed boiling model is needed.

;

4.4 Bernoulli Equation

!
'

In case of flow area variations, the predicted pressure drops do not
follow the Bernoulli equation in liquid single phase flow. The discre-

- pancy betwee n the prec.icted and measured pressure drops is embarrassinJ
in' the simv ation of some tests.

The adrquacy between the predicted pressure drops in single phase
flow and :he Bernoulli equation, in case of flow a:sa variations, is ne-

eded.

i

4.5 Interfacial Shear Stress

The sharp decrease of the interfacia; sh?ar stress coefficient at the
transition between bubble-slug and 41nular flow yields large void
fraction oscillations at low pressure (ivss than 1 Mpa), in case of ver-
tical upflow. In the same conditions, but at the transition between bub-
ble and slug flow regime, where the interfacial shear stress coeeficient
also decreases, low void fraction oscillations may occur. However, these
oscillations are reduced when large cell sizes are used.

More smooth decreases of the interfacial shear stress coefficient at
the transitions between bubble and slug flow, and between bubble-slug
and annular flow, for low pressures, are needed.

*
-

. . . _ _ _ _ _ _ . .
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'l
i

4.6 Rod Wall Thickness
i

An axially varying rod wall thickness model is needed, in order to
obtain more realistic rod wall temperatures in the simulation of the
OMEGA-BUNDLE tests.

|

4.7 Time Step

In the simulation of fast transients with fine mesh at the break.'

(little ce11' sizes and large velocities), a courant stability criterion *

calculated in subroutine TFIDS1 becomes very 11mitative. This was not
found in the runs performed with version 13.0 of the code, where the va-
lue of parameter CSF1D was la10+6, instead of 1*10+3 in version 14.3. +

The value of parameter CFS1D in subroutine TF1DS1 is questionable.
i

I

|

I

I

.

1

1

|*

1

I

1

|
1

!

,

. _ _ - - - - . - - - - - . - . . - _ - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



.
- _

1

SETh/LENL/80-138 7/136-

..

'i

y
iI

TABLE OF CONTENTS |
.

page. *

. 12LIST OF TABLES. . . . . . ... ....... . ...... . . .

LIST OF FIGURES . . 14. . . . . .. . .... ...... ... . . .

1 INTRODUCTION
1.1 Background. ..............29. . . . .. ...

.1. 2 Te s t s Selec tion . . . . . . . . . . . . . . . . . . . . . . 29
. 291.2.1 Experiments . . . . . . . . ...... . . .

1.2.2 Criteria for Tests selection. . . . . . . . . . 31
. 311.3 Objectives... . . . . . .............. . . .

1. 4 Re port outline . . . . . . . . . . . . . . . . . . . . . . . 31

2 N08T-DIS GITICAL FI4W EXPERIMENTS
2.1 Test De scription. . . . . . . . . . . . . . . . . . . . . . . 3 3

'

2.1.1 Test Sections . . . . . . . . . . . . . . . . . 33
. . . . 332.1.2 Measurements. . . . . . . .......

2.1.3 Test Matrix . . . . . . . . . . . . . . . . . . . 34
..................342.2 Input Model . . . ...

2. 2.1 Component s . . . . . . . . . . . . . . . . . . . . 3 4

2.2.2 Nodalization. . . . . . . . . . . . . . . .-. . 35

2.2.3 Friction Factor . . . . . . . . . . . . . . . . 35

2.2.4 Initial Conditions. . . . . . . . . . . . . . . 36

2.3 Coct Predictions and Comparisons with Data. . . . . . . . . 36

2.3.1 Oscillations. . . . . . . . . . . . . . . . . . 36

2.3.2 Boiling Inception . . . . . . . 36. .... ...

a.3.3 Critical Flow . . . . . . . . . . . . . . . . . 37

2..'.4 Pressure and Vold Fraction Profiles . . . . . . 37

i 2.4 Run Statistics. . . . . . . . . . . . . . . . . . . . . . . 37

| 2.5 Sensitivity Studies . . . . . . . . . . . . . . . . . 38. ..

L 2. 5.1 Entrance Location . . . . . . . . . . . . . . . 38

2.5.2 Nodalization. . . . . . . . . . . . . . . . . . 38

2.5.3 Choked Flow Model . . 39.. .... ... . . . . .
. 39| 2.6 Summary and conclusions . . . . . . . ....... . . .

Tables. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 SUPER-NOBY-DIG GITICAL FLOW EXPERIMENTS
3.1 Test Description. . . . . . . . . . . . . . . . . . . . . . 46

3.1.1 Test Sections . . . . . . . . . . . . . . . . . 46
. 463.1.2 Measurements. . . . . . ... . .... . . . .

3.1.3 Test tatrix . . . . . . . . . . . . . . . . . . 47

3.2 Input Model . . . . ....................48
3.2.1 Components. . . . . . . . . . . . . . . . . . . 48

. 483.2.2 Nodalization of the Convergent. ....... .

3.2.2.1 Definitions . . . . . . . . . . . . 48
3.2.2.2 Pressure Drop Given by tre Bernoulli

Equation. . . . . . . . . . . . . . 49
3.2.2.3 Pressure Drop Calculated by TRAC. . 49.

3.2.2.4 Comparison. . . . . . . . . . . . . 50

_-___ __- _-_ _ _ _ _ _ . __



8/136 SETh/LEKL/88-138
;

3.2.3 Nodalization of the Test Section. . . . . . . . 50
3.2.4 Friction Factor . . . . . . . . . . . . . . . .~ . 50
3.2.5 Initial Conditions. . . . . . . . . . . . . . . 51

3.3 Code Predictions and Comparisens.with Data. . . . . . . . . 51
3.3.1 Steady State. . . . . . . . . . . . . . . . . . 51
3.3.2 Critical Flow . . . . 51. . ... . . . .. . .. ..

3.3.3 Pressure Lines. . . . . . . . . . . .-. . . . . 52
3.3.4 Void Fraction Lines . . . . . . . . . . . . . . 52

3.4 Run Statistics. . . . . . . . . . . . . . . . . . . . . . . 52
3.5 Sensitivity Studies . . . . . . . . . . . . . . . . . . . . 53

1

3.5.1 Entrance Location . . . . . . . . . . . . . . . 53 '

3.5.2 Nodalization of the Convergent. . 53. ...... .

3.5.3 Throat Cell Nodalization. . . . . . . . . . . . 54
3.5.4 Friction Factor . . . . . . . . . . . . . . . . 54 I

3.5.5 Choked Flow Model . . . . . . . . 54....... .
3.6 Summary and conclusions . . '

. . 54. ........ .. .. . . .
Tables. . . .,. . . . . . . . . . . . . . . . . . . . . . . 56

4 CANON BLOWDOWN EXPERIMENTS
4.1 Test Description. . . . . . . . . . . . . . . . . . . . . . 64

4.1.1 Test Section. . . . . . . . . . . . . . . . . . 64
4.1.2 Measurements. . . . . . . . . . . . . . . . . . 64.

4.1.3 Test Procedure. . 64........ . . ... . . .
4.1.4 Test Matrix . . . . . . . . . . . . 65..... . .

4.2 Input Model . ........65........ .......
4.2.1 Components and Boundary Conditions. . . . . . . 65
4.2.2 Nodalizatien. . . . . . . . . . . . . . . . . . 65
4.2.3 Initial Conditions. . . . . . . . . . . . . . . 65

4.3' Code Predictions and Comparisons with Data. . . . . . . . . 66
4.3.'. Largest Break Tests . . . . . . . 66-. . ..... .

4.3.2 Smallest Break Test . . . . . . 66...... ..

4. 4 Run S tatis tics . . . . . . . . . . . . . . . . . . . . . . . 67
4.5 Sensitivity Studies . . . . . . . . . . . . . . . . . . . . . 67

4.5.1 Nodalization. . . . . . . . . . . . . . . . . . 67
4.5.2 Natural Choking . .............. . 67.

4.6 Summary and Conclusions . . . . . . . . . . . 68...... . .

Tables. . . . .-. . . . . . . . . . . . . . . . . . . . . . 69

5 8UPER-CANON BIDWDOWN EXPERIMENTS
5.1 Test Description. . . . . . . . . . . . . . . . . . . . . . 71

5.1.1 Test Section. . . . . . . . . . . . . . . . . . 71- '

5.1.2 Measurements. . . . . . . . . . . . . . . . . . 71
5.1.3 Test Procedure. . 71........ ....... .

5.1.4 Test Matrix . . . . . . . . . . . . . . . . . . 71
5.2 Input Model . . 72.... .... ........ ..... . . -

5.3' Code Predictions and Comparisons with Data. . . . . . . . . 72
5.3.1 Largest Break Tests . . . . . . . 72. . ... . .

5.3.2 Smallest Break Test . 72....... . . ... .

5.4 Run Statistics. . . . . . . . . . . . . . . . . . . . . . . 73
5. 5 Sensitivity Studies . . . . . . . . . . . . . . . . . . . . 73

| 5.5.1 Nodalization. . . . 73........ .. .... .

| 5.5.2 Natural Choking . . 73....... . .. ... . .

| 5.6 Summary and Conclusions . . . . . . . . 73........ ..

Tables. . . . . . . . . . . . . 75....... ...... .

_ _.



SETh/LENL/88-138 9/136

6 VERTICAL-CANON EUNDOWN IIPERIMENTS
6.1 Test Description. . . . . . . . . . . . . . . . . . . . . . 77

6.1.1 Te s t Section . . . . . . . . . . . . . . . . . . 7 7

6.1.2 Measurements . . . . . . . . . . . . . . . . . . 77

6.1. 3 Tes t Procedure. . . . . . . . . . . . . . . . . 77

- 6.1. 4 Te s t Matrix . . . . . . . . . . . . . . . . . . 7 6

. 786.2 Input Model . . . . . . . . . . . . . . . . . . . . . . . .
6.2.1 Components and Boundary Conditions. . . . . . . 78

6.2.2 Nodalization. . . . . . . . . . . . . . . . . . 78

6.2.2 Initial Conditions. . . 78. . . . . . . . . . . . .

6.3 Code Predictions and Comparisons with Data. . . . . . . . . 79

6.3.1 Pressure. . . . . . . . . . . . . . . . . . . . 79

6.3.2 Void Fraction . . . . . . . . . . . . . . . . . 79
6.3.2.1 Large Oscillations. . . . . . . . . 79

6.3.2.2 Low Oscillations. . . . . . . . . . 80
6.3.2.3 Comparison with Data. . . . . . . . 80

6.3.3 Pressure Differences. . 80. . . . . . . . . . . .

6.4 Run Statistics. . 80. . . . . . . . . . . . . . . . . . . . .
6.5 Sensitivity Studies . . 81. . . . . . . . . . . . . . . . . .

6.5.1 Nodalization. . . . . . . . . . . . . . . . . . 81
6.5.2 Natural Choking . . 81. . . . . . . . . . . . . .

6.6 Summary and Conclusions . . . . . . . . . . . . . . . . . . 82

Tables. . . . . . . . . . . . . . . ... . . . . . . . . . . 83

7 MARVIEEN EMWDOWN EIPERIMENT8
7.1 Test Description. . . . . . . . . . . . . . . . . . . . . . 85

7.1.1~ Test Facility . . . . . . . . . . . . . . . . . 85

7.1.2 Measurementa. . . . . . . . . . . . . . 85. . . .

7.1.3 Test Procedure. . . . . . . . . . . . . . 86. . .

7.1.4 Test Matrix . . . . . . . . . . . . . . . . . . 86
. 867.2 Input Model . . . . . . . . . . . . . . . . . . . . . . .

7.2.1 Components and Boundary Conditions. . . . . . . 87

7.2.2 Nodalization. . . . . . . . . . . . . . . . . . 87

7.2.2 Initial Conditions. . . . . . . . . . . . . . . 87

7.3 Code Predictions and Comparisons with Data . . . . . . . . 87
.

7.3.1 Tests 17 and 24 . . 87. . . . . . . . . . . . . .

. 887.3.2 Test 6. . . . . . . . . . . . .- . . . . . - . . .

7.4 Run Statistics. . . . . . . . . . . . . . . . . . . . 88. . . .

7. 5 Sensitivity Studies . . . . . . . . . . . . . . . . . . . . 88

7.5.1 Nozzle Alone. . 88. . . . . . . . . . . . . . . . .

7.5.2 Nodalization. . . . . . . . . . . . . . . . . . 89
7.5.3 Natural Choking . . 89. . . . . . . . . . . . . . .

7.5.3.1 Reference Meshing . . . 89. . . . . . .

7.5.3.2 Fine Mesh . . 89. . . . . . . . . . . .

7.6 Summary and conclusions . . . . . . . . . . . . . . . . . . 90

Tables. . . . . . . . . . . . . . . . . . . . . . . . . . . 91

8 OMEGA-TUBE BUNDOWN EIPERIMENTS
8.1 Test Description. . . . . . . . . . . . . . . . . . . . . . 94

8.1.1 Test Section. . . . . . . . . . . . . . . . . . 94

8.1.2 Measurements. . . . . . . . . . . . . . . . . . 94

8.1.3 Test Procedure. . . . . . . 95. . . . . . . . . .

8.1.4 Test Matrix . . . . . . . . . . . . . . . . . . 95
8.2 Input Model . . . . 95. . . . . . . . . . . . . . . . . . . .

8.2.1 Components and Boundary Conditions. . . . . . . 95

8.2.2 Nodalization. . . . . . . . . . . . . . . . . . 96
1

,
----- - - ~- - - - - - - ___m._ _ _ __ __



----- _ _ ... . . . . . . . . ..
. . . . . . - . . . . . . . . - - -

10/136 SETh/LEML/88-138

8.2.3 Friction Factor . . . . . . . . . . . . . . . . 96
8.2.4 Steady State rioW . . . . 96. . .. . .... . .

8. 2. 5 Blowdown . - . . . . . . . . . . . . . . . . . . . 97
8.3 Code Predictions and Comparisons with Data. . . . . . . . . 97

8.3.1 Tests with Bottom Break . . . 97. ..... .. . .

8. 3.1.1 Tes t 3. . . . . . . . . . . . . . . 97
8.3.J .2 Test 29 . . 97. .. ... ..... . .

8.3.2 Test 6 tith Top Bresk . . . . 98.. ... ... .

8.3.3 Tests wath Double Break . . 98. ...... ... .

8. 3 . 3.1 Te s t 9. . . . . . . . . . . . . . . 9 8
8.3.3.2 Test 8. . . . . . . . 99. .. ....

8.3.3.2 Test 30 . . . . . . . 99... .. . .

8. 4 Run Statis tic s . . . . . . . . . . . . . . . . . . . . . . . 100
8.5 Sensitivity Studies . . . . . . . . . . . . . . . . . . . . 100

8.5.1 Capacity Meshing. . . . . 100. . .. ... ... .

8.5.2 Use of PLENUM Components. . . . . . . . . . . . 100

8.5.3 Nodalization. . . . . . . . . . . . . . . . . . 101
0.5.4 Natural Choking . . . . . . . . . 101..... . .

8.6 Summary and Conclusions . . . . . . . . . . . . . . . . . . 101
Tables. . . . . .-. . . . . . 102. .... . ...... .. .

9 OMEGA-BUNDLE RIMDOWN EXPERIMENT 8
9.1 Tes t Description . . . . . . . . . . . . . . . . . . . . . . 110

.

9.1.1 Test Section. . . . . . . . . . . . . . . . . . 110
9.1.2 Measurements. . . . . . . . . . . . . . . . . . 110
9.1. 3 Test Procedure. . . . . . . . . . . . . . . . . 111
9.1.4 Test Matrix . . . . . . . . . . . . . . . . . . 111

9.2 Input Model . . . . . . . . . . . . 112. . .... ... .. .

9.2.1 Components and Boundary Conditions. . . . . . . 112
9.2.2 Hydraulic Nodalization. . . . . . . . . . . . . 112

9.2.3 Wall Noda11zation . . . . . . . . . . . . . . . .112
9.2.4 Singular Pressure Drops . . .112..... . . . . .

9.2.5 Steady State Flow . . . . . . . . . . . . . . . 113

9.2.6 Blowdown. . . . . . . . . . . . . . . . . . . . 113
9.3 Code Predictions and Comparisons with Data. . . . . . . . . 113

9.3.1 Parameters. . . . . . . . . . . . . . . . . . . 11"
9.3.2 Tests with Upper Break. .114.. . -. ... . .. . .

'9.3.2.1 Test 2. . . . . . . . . . .114. .. .

9.3.2.2 Test 3. . .114... .. . .. . . .. .

9.3.3 Tests with Preponderant Lower Break . . . . . 115.

9.3.3.1 Test 18 . .115... ... .. . ....

9.3.3.2 Test 11 . .115. . . .. .. . . . . . .

9.3.3.3 Test 19 . .116.. . . . . . . . . . ..

9.3.3.4 Test 13 . . . . . . . . . . . . . . 116
9.3.4 Test 9 with Preponderant Upper Break. .116. . .. .

9.3.5 Summary . . .117'
. .... .. . ... .. . ... .

9.4 Run Statistics. . . . . . . . . . . . . . . . . . . . . . . 117
9.5 Sensitivity Studies . . .117.... . . . . . . . . .. ... .

9.5.1 Capacity Meshing. . . .117. . . . . . .. . ... .

9.5.2 Use of PLENUM Components. . . . . . . . . . . . .117

9.5.3 Nodalization. . . . . . . . . . . . . . . . . . 118
9.5.4 Natural Choking . . .118. .. . ... .. . . . . .

9.6 Summary and Conclusions . . . . . . . . . . . .118. . . . . . .

Tables. . . . . . . . .119. . .... . . . ... . . . ... .

. .



:w , . - -

a

vf

W
SETh/LEKL/88-138- 11/136

.

10 CONCLUS!ON
. 12710'.1-Overall Summary. . . . . . . . . . ... . . . ..... .

10.2 Run Statistics . . . . . . . . . . . . . . . . . . . . . . 127
10.3 Major Conclusions. . . . . . . . .-. . . . . . . . . . . . 128

.12810.3.1 MOBY-DICK. . . ....... ....... . .

.12810.3.2 SUPER-MOBY-DICK. ............. . .

. . . . . 12910.3.3 CANON. . .... ...........

10.3.4 SUPER-CANON. . . . . . . . . .-. . . . . . . . 129
. . 13010.3.5 VERTICAL-CANON .

'

............ .

. . 13010.3.6 MARVIKEN . . . . .............

10.3.7 OMEGA-TUBE . . . . 130 '..... .... .....

10.3.8 OMEGA-BUNDLE . . . . . .-. . . . . . . . . . . 131
10. 3. 9 Summary . . . . . . . . . . . . . . . . . . . . 131

.-. 13110.3.9.1 General Agreement. >......

10.3.9.2 Break Flow . . . . . . . . . . . . 131.
10.3.9.3 Constitutive Laws . . . . . . . . 132
10.3.9.4 Courant Stability Criterion. . . . 132

10.4 Recommended Codo Improvements . . . . . . . . . . . . . . . .132
10.4.1 Critical Heat Flux Correlation . . . . . . . . 132
10.4.2 Critical Flow. . . . . . . . . . . . . . . .132. .

10.4.3 Delayed Boiling Model. . . . . , . . . . . .132. .

10.4.4 Bernoulli Equation . . . . . . . . . . . . . . 133

10.4.5 Interfacial Shear Stress . . . . . . . . . . . 133
10.4.6 Rod Wall Thickness . . . . . . . . . . . . . . 133
10. 4. 7 Time S t e p . . . . . . . . . . . . . . . . . . . 13 4 .;

:

. 135REFERENCES. . . . . ..................... .

FIGURES . . . . . . . . . . '. . . . . .-. . Volume 2.. . . . . ...
-i

|
i

|

._ _ _ . _ - _ _ - . - - - _ _ . _ - . - - . _ _



__ _ _ _ _ _ _ _ _ . . . , . . . . . . . . . . .

-

12/136 SETh/LEML/88-138

LIST OF TABLES

Table No. Page

2.la MOBY-DICK, typical input data deck for test section 1 . 41. . .

2.lb MOBY-DICK, typical input data deck for test section 2 and 3 . 42
2.2 MOBY-DICK, experimental values of the friction factor

coefficient. . . . . . . . . . . . . . . . . . . 43
2.3 MOBY-DICK, measurd and calculated mass flow rate, pressure

and void fraction. 43. .. . . ... . . . . . . . .

2.4 MOBY-DICK, run statistics . . 44..... . ... .. . . . . .
2.5 MOBY-DICK, comparison of the critical parameters predicted for

the test 403 with two different inlet positions. 44.

2.6 MOBY-DICK, comparison of the mass flow rates predicted with
dif ferent throat cells sizes, and discrepancy with
the reference. 45. . .. . . . ... . . . . . . . .

3.la SUPER-MOBY-DICK, typical input data deck, test section 1. 56. .

3.lb SUPER-MOBY-DICK, typical input data deck, test section 2. 57. .

3.lc SUPER-MOBY-DICK, typical input data deck, test section 3. 58. .

3.2 SUPER-MOBY-DICK, pressure drop in the convergent, as given
by the Bernoulli equation and by TRAC. . . . 59

3.3 SUPER-MOBY-DICK, experimental values of the friction factor
coefficiant. 59. . . . . ... . . . . . . . .

3.4 SUPER-MOBY-DICK, comparison of the measured and predicted
critical mass flow rates . . 60. . . . . . . .

3.5 SUPER-MOBY-DICK, run statistics . . 61. . . ... . . . . . . .

3.6 SUPER-MOBY-DICK, simulations of the tests 6 and 10 with

a convergent modelled with 1, 2, 5, 10, 25
or 50 cells. . 62.. . . . ... . . . . . . .

3.7 SUPER-MOBY-DICK, critical mass flow rates predicted with
different sizes of the throat cells, and
discrepancy with the reference. 63. . . . . .

J.8 SUPER-MOBY-DICK, critical mass flow rates predicted with the
choked flow model, and different throat cells
sizes, and discrepancy with the reference. . 63

4.1 CANON, typical input data deck . 69.. . . . .. . . . . . . . .
4.2 CANON, run statistics. . 70. . . . .. . . .. . . . . . . . . .

5.1 SUPER-CANON, typical input data deck . . 75. ... . . . . . . .
5.2 SUPER-CANON, run statistics. . 76.. . . . .. . . . . . . . .

.'

6.1 VERTICAL-CANON, typical input data deck 83.. . . . . . . . .
6.2 VERTICAL-CANON, run statistics . . 84. . . . ... . . . . . . . ,

7.la MARVIKEN, typical input data deck, reference run. . 91. . . .

7.lb MARVIKEN, typical input data deck, nozzle alone run . . 92. . .

l 7.2 MARVIKEN, run statistics. 93. . . . . . . . . . . . . . . . .

8.la OMEGA-TUBE, typical input data deck, single break test,
steady state run. .102. . . . . ... . . . . . . .

8.lb OMEGA-TUBE, typical input data deck, transient run. .105. . .

'

.

.-



13/136SETh/LEML/88-138

8.lc OMEGA-TUBE, typical input data deck, double break test,
steady state run. . . . .-. . . . . . . . . . . 106

8.2 OMEGA-TUBE,-run rtatistics. . . . . . . . . . . . . . . . . 109

9.la OMEGA-BUhDLE, typical input data deck, single break test,
steady state run. . . . . . . . . . . . . . . 119

9.ib OMEGA-BUNDLE, typical input data deck, transient run. . .122.

9.1c OMEGA-BUNDLE, typical input data deck, double break test,
steady state run. . . . . . . ... . . . . . . 123

9.2 OMEGA-BUNDLE, run statistics . . . . . . . . . . . . . . . . 126 ..

ix
|
;

I

!

'I
!

i

!

2

i

1

|
|

. .



l
l

i

|

14/136 SETh/LEML/88-138
-!

LIST OF FIGURES

Figure No. Page of Volume 2- (

2.1 MOBY-DICK, noding for simulations . . . . . . ... . . . .-. 20 '|
2.2a MOBY-DICK, test 403, mass flow rate versus time.. . . . . . 21 {2.2b MOBY-DICK, test 403, void fraction versus time. . . . . . 21 !.

2.2c MOBY-DICK, test 400, mass flow rate versus time . . . . . . 22 i
2.2d MOBY-DICK, test 408, void fraction versus time. . 22. ... . .

2.2e MOBY-DICK, test 455, mass flow rate versus time ... . 23 I. .. .

2.2f MOBY-DICK, test 455, void fraction versus time. . . 23. ... .

2.2g MOBY-DICK, test 79, mass flow rate versus time. . .-. . . . 24
2.2h MOBY-DICK, test 79, void fraction versus time . . 24. .... . .i

2.21 MOBY-DICK, test 172, mass flow rate versus time . . 25 1. .. . .

2.2d MOBY-DICK, test 172, void fraction versus time. . . . . . . 25 i

-i2.3a MOBY-DICK, test 403, pressure versus elevation. . . . . . . 26 {2.3b MOBY-DICK, test 403, void fraction versus elevation . . . . 26 |2.3c MOBY-DICK, test 408, pressure versus elevation. . . . . . . 27 |2.3d MOBY-DICK, test 408, void fraction versus elevation . . . . 27 ;
2.3e MOBY-DICK,' test 455, pressure versus elevation. . . . . . . 28 '

2.3f MOBY-DICK, test 455, void fraction versus elevation . . . . 28
2.39 MOBY-DICK, test 79, pressure versus elevation . . . . . . . . 29
2.3h MOBY-DICK, test 172, pressure versus elevation. . . . . . . 29

2.4a MOBY-DICK, test 403, time step versus time. . . . . . . . . 30 {
2.4b MOBY-DICK, test 400, time step versus time. .. 30... . . . .

2.5a MOBY-DICK, test 403, CPU time versus time . . . . . . . . . 31
2.5b MOBY-DICK, test 408, CPU time versus time . . . . . . . . . 31

1

2.6a MOBY-DICK, entranco location sensitivity, test 408, pressure
{

versus elevation . . . . . . . . . . . . . . . . 32
2.6b MOBY-DICK, entrance location sensitivity, test 408, void

fraction versus elevation. . . . . . . . . . . . 32

2.7a MOBY-DICK, nodalization sensitivity, test 403, mass flow
rate versus time . . . . . 33 -

!...... . .....
2.7b MOBY-DICK, nodalization sensitivity, test 408, mass flow

rate versus time . . . . . . . . . . . . . . . . 33

2.0 MOBY-DICK, nodalization sensitivity, test 408, void fraction
versus elevation . . . . . . . . . . . . . . . . 34

2.9 MOBY-DICK, run with choked flow model, test 172, pressure
versus elevation . . . . . . . . . . . . . . . . 34

|
.



atv - --

M y | ,,

,,

$k )
b SETh/LENL/BS-136 15/136 |

'

i

1
i

.Pigure No. Page of Volume 2 jE#
j

3.1 SUPER-MOBY-DICK, noding for simulations. . . . . . . . . . 36

3.2a SUPER-MOBY-DICK, test 15, mass flow rate versus time . . . 37 ;

3.2b SUPER-MOBY-DICK, test 15, void fraction versus elevatAnn . 37 ,

..

3.3a SUPER-MOBY-DICK, test l', pressure versus elevation. . . . 30 |

3.3b SUPER-MOBY-DICK, test l', void fraction versus elevation . 38 >

3.3c SUPER-MOBY-DICK, test 2' . pressure versus elevation. . . . 39 [
?3.3d SUPER-MOBY-DICK, test 2', void fraction versus elevation . 39

3.3e - SUPER-MOBY-DICK, test 3', pressure versus elevation. . . . 40

3.3f SUPER-MOBY-DICK, test 3', void fraction versus elevation . 40
'

3.39 SUPER-MOBY-DICK, test 4, pressure versus elevation . . . . 41

3.3h SUPER-MOBY-DICK, test 5', pressure versus elevation. . . . 42 |
3.31 SUPER-MOBY-DICK, test 5', void fraction versus elevation . 42

3.3j SUPER-MOBY-DICK, test 6, pressure versus elevation . . . . 43
*

3.3k SUPER-MOBY-DICK, test 7, pressure versus elevation . . . . 43

3.31 SUPER-MOBY-DICK, test 8', pressure versus elevation. . . . 44

3.3m SUPER-MOBY-DICK, test 8', void fraction versus elevation . 44 >

3.3n SUPER-MOBY-DICK, test 9, pressure versus elevation . . . . 45 . ;

3.30 SUPER-MOBY-DICK, test 10, pressure versus elevation. . . . 45 i

3.4a SUPER-MOBY-DICK, test 11, pressure versus elevation. . . . 46

3.4b SUPER-MOBY-DICK, test 12, pressure versus elevation. . . . 47

3.4c SUPER-MOBY-DICK, test 12', pressure versus elevation . . . 47
' '
.

3.4d SUPER-MOBY-DICK, test 13, pressure versus elevation.. . . . 48

3.Sa SUPER-MOBY-DICK, test 14, pressure versus elevation. . . . 49

3.5b SUPER-MOBY-DICK, test 15, pressure vetsus elevation. . . . 49
,

3.6a SUPER-MOBY-DICK, test 6, time step versus time . . . . . . 50 *

3.6D SUPER-MOBY-DICK, test 15, time step versus time. . . . . . 50
1

3.7a SUPER-MOBY-DICK, test 6, CPU time versus time. . . . . . . 51
.

;

3.7b SUPER-MOBY-DICK, test 15, CPU time versus time . . . . . . 51 - >

*

3.8 SUPER-MOBY-DICK, convergent nodalization sensitivity,
test 6, pressure versus elevation . . . . 52

3.94 SUPER-MOBY-DICK, nodal 12ation sensitivity, test 10, ;

pressure versus elevation . . . . . . . . 53
-

;3.9D SUPER-MOBY-DICK, nodalization sensitivity, test 10,
void fraction versus elevation. . . . . . 53

3.10a SUPER-MOBY-DICK, run with choked flow model, test 1,
pressure <srsus elevation . . . . . . . . 54

3.10b SUPER-MOBY-DICK, run with enoked flow model, test 1,
void fraction versus elevation. . . . . . 54

3.10c SUPER-MOBY-DICK, run with choked flow model, test 10,

|.
pressure versus elevation . . . . . . . . 55 t

!
3.10d SUPER-MOBY-DICK, run with choked flow model, test 10,

I

|- void fraction versus elevation. . . . . . 55

,

3 r s -



- _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ - _ _

16/136 SETh/LEKL/96-136

Figure No. Page of Volume 2

4.1 CANON and SUPER-CANON, noding for simulations . . . . . . . 58

4.2a CANON, test De pressure PS versus time. . . . . . . . . . . 59
4.2b CANON, test D, pressure P4 versus time. . . . . . . . . . . 59
4.2c CANON, test D, pressure P1 versus time. . . . . . . . . . . 60
4.2d CANON, test D, void fraction versus time. . . . . . . . . . 60
4.2e CANON, test L, pressure P5 versus time. . . . . . . . . . . 61
4.2f CANON, test L, pressure P4 versus time. . . . . . . . . . . 61
4.29 CANON, test Le pressure P1 versus time. . . . . . . . . . . 62
4.2h CANON, test L, void fraction versus time. . . . . . . . . . 62

4.3a CANON, test I, pressure P3 versus time. . . . . . . . . . . 63
4.3b CANON, test 1 void fraction versus time. . . . . . . . . . 63

4.4a CANON, test D, time step versus time. - . . . . . . . . . . . 64
4.4b CANON, test Le time step versus time. . . . . . . . . . . . 64
4.4c CANON, test 1, time step versus time. . . . . . . . . . . . 65

4.Sa CANON, test D, CPU time versus time . . . . . . . . . . . . 65
4.5b CANON, test L, CPU time versus time . . . . . . . . . . . . 66
4.Sc CANON, test 1, CPU time versus time . . . . . . . . . . . . 66

4.6 CANON, nodalization eensitivity, test D, pressure PS
versus time. . . . . . . . . 67....... ....

4.7a CANON, run without choked flow model, test D, pressure P5
verLus time. . . . . . . . . ............68

4.7b CANON, run without choked flow model, test D, void fraction

ve r $us t ime . . . . . . . . . . . . . . . . . . . . . 60
4.7c CANON, run without choked flow model, test L, pressure P5

,

versus time. . . . . . . . . . . . . . . . . . . . . 69 i
4.7d CANON, run without choked flow model, test Le void fraction .L

ve r s u s time . . . . . . . . . . . . . . . . . . . . . 69 L
4.7e CANON, run without choked flow model, test 1, pressure P5 |

versus time. . . . . . . . . . . . . . . . . . . . . 70 f
4.7f CANON, run without choked flow model, test I, void fraction

versus time. . . . . . . . . . . . . . . . . . . . . 70

i

,

|



SETh/LEKL/88-138 17/136

<

Pigure No. Page of Volume 2

5.la SUPER-CANON, test P, pressure P5 versus time. . . . . . . . 72
5.lb SUPER-CANON, test P, pressure P4 versus time. . . . . . . . 72
5.ic SUPER-CANON, test P, pressure P1 versus time. . . . . . . . 73
5.1d SUPER-CANON, test P, void fraction versus time. . . . . . . 73
5.le SUPER-CANON, test X, pressure PS versus time. . . . . . . . 74
5.1f SUPER-CANON, test X, pressure P4 versus time. . . . . . . . 74

5.19 SUPER-CANON, test X, pressure P1 versus time. . . . . . . . 75
5.1h SUPER-CANON, test X, void fraction versus time. . . . . . . 75

5.2a SUPER-CANON, test Q, pressure P3 versus time. . . . . . . . 76
5.2b SUPER-CANON, test Q, void fraction versus time. . . . . . . 76

5.3a SUPER-CANON, test P, time step versus time. . . . . . . . . 77

5.3b SUPER-CANON, test X, time step versus time. . . . . . . . . 77
.

5.3c SUPER-CANON, test Q, time step versus time. . . . . . . . . 78

5.4a SUPER-CANON, test P, CPU time versus time . . . . . . . . . 78
5.4D SUPER-CANON, test X, CPU time versus time . . . . . . . . . 79
5.4c SUPER-CANON, test Q, CPU time versus time . . . . . . . . . 79

5.5 SUPER-CANON, nodalization sensitivity, test P, pressure PS
versus time. . . . . . . . . . . . . . . . . . 80

5.6a SUPER-CANON, run without choked flow model, test P, pressure
PS versus time . . . . . . . . . . . . . . . . 81 i

5.6D SUPER-CANON, run without choked flow model, test P, void
f raction versus time . . . . . . . . . . . . . 81

5.6c SUPER-CANON, run without choked flow model, test X, pressure
P5 versus time. . . . . . . . . . . . . . . . . 62

5.6d SUPER-CANON, run without choked flow model, test X, void
fraction versus time . . . . . . . . . . . . 82.

5.6e SUPER-CANON, run without choked flow model, test Q, pressure
PS v6rsus time. . . . . . . . . . . . . . . . . 83

5.6f SUPER-CANON, run without choked flow model, test Q, void
f raction versus time . . . . . . . . . . . . . 83

|-

|

|
|
|

>

e 3a



18/136 SETh/LENL/36-138

t

Piqure No. Pa9e of Volume 2

6.1 VERTICAL-CANON, noding for simulations . . . . . . . . . . . B6 i

6.2a VERTICAL-CANON, test 9, pressure po versus time. . . . . . 87 i

6.2b VERTICAL-CANON, test 9, void fraction versus time. . . . . 87
'

6.2c VERTICAL-CANON, test 9, pressure differences DP1 and DP2
i

versus time. . . . . . . . . . . . . . . . 80
'

6.2d VERTICAL-CANON, test 9, pressure differences DP3 and DP4
versus time. . . . . . . . . . . . . . . . . BB

6.2e. VERTICAL-CANON, test 9, pressure differences DPS and DP6
versus time. . . . . . . . . . . . . . . . 89 |6.2f VERTICAL-CANON, test 22, pressure PO versus time . . . . . 90

'

6.29 VERTICAL-CANON, test 22, void fractions versus time. . . . 90
6.2h VERTICAL-CANON, test 22, pressure differences DP1 anu DP2

versus time. . . . . . . . . . . . . . . . 91 .

6.21 VERTICAL-CANON, test 22, pressure differences DP3 and DP4 '

versus time. . . . . . . . . . . . . . . . 91
6.2j VERTICAL-CANON, test 22, pressure differences DP$ and DP6

versus time. . . . . . . . . . 92. . . . . .

6.2k' VERTICAL-CANON, test 24, presmure PO versus time . . . . . 93
6.21 VERTICAL-CANON, test 24, void fraction at g 1.032 m versus

time . . . . . . . . . . . . . . . . . . . 93
6.2m VERTICAL-CANON, test 24, pressure differences DP1 and DP2

versus time. . . . . . . . . . . . . . . . 94
,

6.2n VERTICAL-CANON, test 24, pressure differences DP3 and DP4
versus time. . . . . . . . . . . . . . . . 94

6.2o VERTICAL-CANON, test 24, pressure differences DP5 and DP6
.versus time. . . . .....95. . . . . ..

6.3 VERTICAL-CANON, TRAC interfacial shear stress coef ficient
,

versus void fraction, in conditions of test
9 (P=0.17 MPa, VL=0 m/s, VV=1.3 and 4.6 m/s. 96

6.4 VERTICAL-CANON, Ratio of TRAC interfacial shear stress for '

void fractions of 0.75 and 0.50, in

conditions of test 9 at time 80 s. . . . . 96 ,

,

6.5 VERTICAL-CANON, TRAC interfacial shear stress coefficient
versus void fraction, in conditions of tests
22 and 24 (P=0.45 MPa, VL=0 m/s, VV=0.5 and
1.5 m/s) . . . . . . . . . . . . . 97....

6.6a VERTICAL-CANON, test 9, time step versus time. . . . . . . 90
.6.6b VERTICAL-CANON, test 22, time step versus time . . . . . . 98
6.6c VERTICAL-CANON, test 24, time step versus time . . . . . . 99

,
6.7a VERTICAL-CANON, test 9, CPU time versus time . . . . . . . 99

l 6.7b VERTICAL-CANON, test 22, CPU time versus time. . . . . . . 100
6.7c VERTICAL-CANON, test 24, CPU time versus time. . . . . . . 100

6.Ba VERTICAL-CANON, nodalization sensitivity, test 22, pressure
PO versus time . . . . . . . . . . . . . . 101

|.
|



, --

,

, .

|

SETh/LENL/86-138 19/136

6.9b VERTICAL-CANON, nodalization sensitivity, test 22, void f
fraction versus time . . . . . . . . . . . 101

-1

6.Sc- VERTICAL-CANON, nodalization sensitivity, test 9, void. ;

fraction at 2=1.032 m versus time. . . . . 102' j
.

I6.9a VERTICAL-CANCN, fine mesh at the break, test 22, pressbre
PO versus. time . . . . . . . . . . . . .-. 103

6.9b VERTICAL-CANON, fine mesh at the break, test 22, void

fraction at 2=3.452 m'versus time. . . . . 103
6.9c VERTICAL-CANON, fine mesh at the break, test 22, pressure

PB at the break versus time. .:. . . . . . 104 ij.

6.96 \tRTICAL-CANON, fine mesh'at the break, test 22, time str.p ;

versus time. . . . . . . . . . . . . . . . 104

|

6.10a VERTICAL-CANON, run without choked flow modei, test 9,
pressure PO versus time; .-. . . . . . . . 105 i.

'

6.10b VERTICAL-CANON, run without choked flow model, test 22,
pressure PO versus time.-. . . . . . . . . 105

6.10c VERTICAL-CANON, run without choked flow model, test 24,
_

4

pressure Po versus time. . . . . . . . . . 106 i

i

a

,

E

\

,

P

I

,

[
>

r

1

-i
-

.

1

i

t

. -. i



i

20/136 SETh/LEML/89-130

Tigure No. Page of Volume 2

7.la KARVIKEN, schematic of the test section . . . . . . . . . . 109

7.ib KARVIKEN, schematic of the discharge pipe, nozzle and
rupture discs assembly. . . . . . . . . . . . . . 109

7.2a MARVIKEN, test 17, pressure at the top of the vessel versus
time. . . . . . . . . . . . . . . . . . . . . . . 110

7.2b KARVIKEN, test 17, pressure 0.675 m upstream the nozzle
versus time . . . . . . . . . . . . . . . . . . . 110

7.2c KARVIKEN, test 17, mass flow rate versus time . . . . . . . 111 )
7.2d KARVIKEN, test 17, temperature 0.675 m upstream the nozzle

versus time . .111.. . ... .... ...... . .

7.2e KARVIKEN, test 24, pressure at the top of the vessel versus
time. . . . . . . . . . . . . . . . . . . . . . . 112

7.2f KANVIKEN, test 24, pressure 0.675 m upstream the nozzle
versus time . . . . . . . . . . . . . . . . . . . 112

7.29 KARVIKEN, test 24, mass flow rate versus time . . . . . . . 113

7.2h MARVIKEN, test 24, temperature 0.675 m upstream the nozzle
versus time . . . . .113... . .. .. .... . . .

7.3a KARVIKEN, test 6, pressure at the top of the vessel versus
time. . . . .114. .. . ... . ......... . .

7.3b KARVIKEN, test 6, pressure 0.675 m upstream the nozzle
versus time . . . . . . . . . . . . . . . . . . . 114

7.3c KARVIKEN, test 6, mass flow rate versus time. . . . . . . . 115
7.3d KARVIKEN, test 6, temperature 0.675 m upstream the nozzle

,

versus time . .115. . . .. . .. ........ . .
,

7.4a MARVIKEN, test 6, time step versus time . . . . . . . . .116. .

7.4b KARVIKEN, test 17, time step versus time. . . . . . . . .116. .

7.4c KARVIKEN, test 24, time step versus time. . . . . . . . . . 117

7.5a MARVIKEN, test 6, CPU time versus time. .117....... . . .

7.5b KARVIKFN, test 17, CPU time versus time . . . . . . . .110. . .

7.Sc KARVIKEN, test 24, CPU time versus time . . . . . . . . . . 110

7.6a KARVIKEN, nozzle alone, test 17, mass flow rate versus time .119
7.6b KARVIKEN, nozzle alone, test 24, mass flow rate versus time .119
7.6c KARVIKEN, nozzle alone, test 6, mast flow rate versis time. 120

7.7a KARVIKEN, nodalization sensitivity, test 24, pressure
at the top of the vessel versus time. . . . . 121. .

7.7b KARVIKEN, nodalization sensitivity, test 24, mass flow

rate versus time. . . . . . . . . . . . . . . . . 125

7.8a KARVIKEN, run without choked flow model, test 24, pressure
at the top of the vessel versus time. . . . . . . 122

7.lb KARVIKEN, run without choked flow model, test 24, mass flow
rate versus time. .122. .. . .. . .. .. . . . . .

7.Ja MARVIKEN, run without choked flow model, with fine mesh,
cest 17, pressure at the top versus time. . . . . 123



h
r

_

'jq,

i

- - F

.SETh/LENL 00-108 21/136/
i

i
7.9b NARVIKEN,'run without choked flow model,'with fine meshi .]

test 4 17, mass flow rate versus time . .... . . . . .123
'

7.9c NARVIKEN, run without choked. flow model, with fine me6h,
.124test 24, pressure at the top versus time. . ~. . ..e

7.9d MARVIKEN, run without choked flow model, with fine' mesh,. ;,

' test 24,' mass flow rate versus time . . . . . . . 124- 'l
!

,

i

i
;

.7. I .

|i

|

:

I

'}.

:

f

qi
f

y
*

i

?

i

i
1 |

;,

;;
;E

-|

f
1

-

.

t

.

..

p b
_

h -'t
| 5

*
u-

i
P

$

e

_k

.;
!
a

.s ' %

-|
e

', ,,
'

'
o

- , :; - ,,,...,......w. - . . - - , - ....-,a.._ . ,. . &



_ - _ _ _ _ _ _

22/136 SETh/LEML/88-138

Figure No. h$ge of Volume 2

8.1 OMEGA-TUBE, schematic of the test section. . . . . . . . . 126

8.2 OMEGA-TUBE, model of the test section. . . . . . . . . . . 127

8.3 OMEGA-TUBE, noding of the capacities . . . . . . . . . . . 128

8.4a OMEGA-TUBE, test 3, pressure versus time . . . . . . . . . 128
8.4b OMEGA-TUBE, test 3, top mass flow rate versus time . . . . 129
8.4c OMEGA-TUBE, test 3, bottom mass flow rate versus tim 6. . . 129
8.4d OMEGA-TUBE, test 3, top void fraction versus time. . . . . 130
8.4e OMEGA-TUBE, test 3, bottom void fraction versus time . . . 130
8.4f OMEGA-TUBE, test 3, top fluid temperature versus time. . . 131
8.4g OMEGA-TUBE, test 3, bottom fluid temperature versus time . 131

8.5a OMEGA-TUBE, test 29, pressure versus time. . . . . . . . . 132 +

0.5b OMEGA-TUBE, test 29, top mass flow rate versus time. . . . 133
0.5c OMEGA-TUBE, test 29, bottom mass flow rate versus time . . 133
8.5d OMEGA-TUBE, test 29, top void fraction versus time . . . . 134
8.5e OMEGA-TUBE, test 29, bottom void fraction versus time. . . 134
8.5f OMEGA-TUBE, test 29, top fluid temperature versus time . . 135
8.59 OMEGA-TUBE, test 29, bottom fluid temperature versus time. 135
8.5h OMEGA-TUBE, test 29, wall temperature TPS2 at Z=0.37 m

versus time. . . . . . . . . . . . . . . . . . 136
8.51 OMEGA-TUBE, test 29, wall temperature TP58 at Z=0.04 m

versus time. . . . . . . . . . . . . . . . . . 136
8.5j OMEGA-TUBE, test 29, wall temperature TP74 at Z=2.01 m

versus time. . . . . . . . . . . . . . . . . . 137
8.5k OMEGA-TUBE, test 29, wall temperature TP94 at Z=3.44 m

versus time. . . . . . . . . . . . . . . . . . 137

8.6a OMEGA-TUBE, test 6, pressure versus time . . . . . . . . . 138
8.6b OMEGA-TUBE, test 6, top mass flow rate versus time . . . . 139
8.6c OMEGA-TUBE, test 6, bottom mass flow rate versus time. . . 139
8.6d OMEGA-TUBE, test 6, top void fraction versus time. . . . . 140
8.6e OMEGA-TUBE, test 6, bottom void fraction versus time . . . 140
0.6f OMEGA-TUBE, test 6, top fluid temperature versus time. . . 141
8.69 OMEGA-TUBE, test 6, bottom fluid temperature versus time . 141
8.6h OMEGA-TUBE, test 6, wall temperature TP54 at Z=0.59 m

versus time. . . . . . . . . . . . . . . . . . 142
8.61 OMEGA-TUBE, test 6, wall temperature TP74 at Z=2.01 m

versus time. . . . . . . . . . . . . . . . . . 142
8.63 OMEGA-TUBE, test 6, wall temperature TP94 at Z=3.44 m

versus time. . . . . . . . . . . . . . . . . . 143

8.7a OMEGA-TUBE, test 9, pressure versus time . . . . . . . . . 143
| 8.7b OMEGA-TUBE, test 9, top mass flow rate versus time . . . . 144

8.7c OMEGA-TUBE, test 9, bottom mass flow rate versus time. . . 144
8.73 OMEGA-TUBE, test 9, top void f raction versus time. . . . . 145

| 8.7e OMEGA-TUBE, test 9, bottom void fraction versus time . . . 145
i

|
'

8.Ba OMEGA-TUBE, test 8, pressure vercus time . . . . . . . . . 146



SETh/LENL/60-130 23/136 k

8.0b OKEGA-TUBE, test 6, top mass flow rate versus time . . . . 147
8.8c OKEGA-TUBE, test 8, bottom mass flow rate versus time. . . 147 i

8.Bd OKEGA-TUBE, test 8, top void fraction versus time. . . . . 140 *

8.Be OMEGA-TUBE, test 8, bottom void fraction versus time . . . 140 '

O.8f OMEGA-TUBE, test 8, top fluid temperature versus time. . . 149
0.8g OMEGA-TUBE, test 8, bottom fluid temperature versus time . 149
U.8h OKEGA-TUBE, test 8, wall temperature TP54 at Z=0.59 m

versus time. . . . . . . . . . . . . . . . . . 150
0.01 OMEGA-TUBE, test 6, wall temperature TP74 at Z=2.01 m

versus time. . . . . . . . . . . . . . . . . . 150
0.83 OMEGA-TUBE, test 8, wall temperature TP94 at Z=3.44 m

versus time. . . . . . . . . . . . . . . . . . 151

0.9a OMEGA-TUBE, test 30, pressure versus time. . . . . . . . . 151
P.9b OMEGA-TUBE, test 30, top mass flow rate versus time. . . . 152
8.9c OMEGA-TUBE, test 30, bottom mass flow rate versus time . . 152
0.9d OMEGA-TUBE, test 30, top void fraction versus time . . . . 153
0.9e OMEGA-TUBE, tost 30, bottom void fraction versus time. . . 153
0.9f OMEGA-TUBE, test 30, top fluid temperature versus time . . 154
0.99 OMEGA-TUBE, test 30, bottom fluid temperature versus time. 154
0.9h OMEGA-TUBE, test 30, wall temperature TP55 at Z=0.66 m

versus time. . . . . . . . . . . . . . . . . . 155
0.91 OMEGA-TUBE, test 30, wall temperature TP74 at Z=2.01 m

versus time. . . . . . . . . . . . . 155.... .

0.9j OMEGA-TUBE, test 30, wall temperature TP94 at Z=3.44 m
versus time. . . . . . . . . . . . . . . . 156..

0.10a OMEGA-TUBE, test 3, tiroe s*ep versus time. . . . . . . . . 157
0.10b OMEGA-TUBE, test 6, time step versus time. . . . . . . . . 157
0.10c OMEGA-TUBE, test 8, time step versus time. . . . . . . . . 150
0.10d OKEGA-TUBE, test 9, time step versus time. . . . . . . . . 150
0.10e OK!!GA-TUBE, test 29, time step versus time . . . . . . . . 159
8.10f OME3A-TUBE, test 30, time step versus time . . . . . . . . 159

0.11a OMEGA-TUBE, test 3, CPU time versus time . . . . . . . . . 160
0.11b OMEGA-TUBE, test 6, CPU time versus time . . . . . 160. ...

0.11e OMEGA-TUBE, test 8, CPU time versus time . . . . . . . . . 161
0.11d OMEGA-TUBE, test 9, CPU time versus time . . . . . . . . . 161
8.11e OMEGA-TUBE, test 29, CPU time versus time. . . . . . . . . 162
0.11f OKEGA-TUBE, test 30, CPU time versus time. . . . . . . . . 162

8.12a OKEGA-TUBE, capacity meshing, test 3, top mass flow rate
versus time. . . . . . . . . . . . . . . . . . 163

0.12b OMEGA-TUBE, capacity meshing, test 3, top void fraction,

I versus time. . . . . . . . . . . . . . . . . . 163
8.12e OMEGA-TUBE, capacity meshing, test 6, bottom mass flow rate

versus time. . . . . . . . . . . . . . . . . . 164
0.12d OMEGA-TUBE, capacity meshing, test 6, bottom void fraction

versus time. . . . . . . . . . . . . . . . . . 164

| 8.12e OMEGA-TUBE, capacity meshing, test 6, wall temperature
; TP74 at Z=2.01 m versus time . . . . . . . . . 165

| 8.12f OMEGA-TUBE, capacity meshing, test 8, bottom void fraction
versus time. . . . . . . . . . . . . . . . . . 165

8.12g OMEGA-TUBE, capacity meshing, test 8, wall temperature
TP74 at Z=2.01 m versus time . . . . . . . . . 166

__ _

i G '



24/136 SETh/LEML/88-138

8.13 . OMEGA-TUBE,' capacity meshing, test 9 top mass flow rate
-versus time. . . . . . . . . . . . . . . . . . 166

8.14a OMEGA-TUBE, PLENUM component, test 8, pressure versus time .167
8.14b OKEGA-TUBE, PLENUM component, test 8, bottom void fraction

versus time. . . . . . . . . . . . . . . . . . 167-
8.14c ONEGA-TUBE, PLENUM component, test 8, wall temperature

TP74 at Z=2.01 m versus time . . . . . . . . . 168
8.14d OMEGA-TUBE, PLENUM component, test 30, pressure versus time.168
8.14e ONEGA-TUBE, PLENUM component, test 30, bottom void fraction

versus time. . . . . . . . . . . . . . . . . . 169
8.14f OMEGA-TUBE, PLENUM component, test' 30, wall temperature

TP74 at 2=2.01 m versus time . . . . . . . .-. 169

8.15a OMEGA-TUBE, nodalization sensitivity, test 8, bottom void

fraction versus time . . . . . . . . . . . . . 170
8.15b OMEGA-TUBE, nodalization sensitivity, test 8, wall

temperature TP74 at Z=2.01 m versus time . . . 170

0.16a OMEGA-TUBE, choked flow model sensitivity, test 30,
pressure versus time . . . . . . . . . . . . . 171

8.16b OMEGA-TUBE, choked flow model sensitivity, test 30,
bottom void fraction versus time . . . . . . . 171

i

'

|
|

l

!

l

i
Of 4 ? _j



SETh/LEML/BB-138 25/136

Figure No. pa9e of Volume 2

9.la OMEGA-BUNDLE, schematic of the test section . . . . . . . 174

9.1b OMEGA-BUNDLE, cross section of the rod bundle, with the
thermocouples positions. . . . . . . . . . 175

9.1c OMEGA-BUNDLE, axial section of a rod, with the

thermocouples implementation . . . . . . . 176

9.2 OMEGA-BUNDLE, model of the test section. . . . . . . . . . 177

9.3 OMEGA-BUNDLE, nodin9 of the capacities . . . . . . . . . . 178

9.4a OMEGA-BUNDLE, test 2, pressure versus time . . . . . . . . 178
9.4b OKEGA-BUNDLE, test 2, top mass flow rate versus time . . . 179
9.4c OMEGA-BUNDLE, test 2, bottom mass flow rate versus time. . 179
9.4d OMEGA-BUNDLE, test 2, top void fraction versus time. . . . 100
9.4e OMEGA-BUNDLE, test 2, bottom void fraction versus time . . 180 '

9.Sa OMEGA-BUNDLE, test 3, pressure versus time . . . . . . . . 181
9.5b OMEGA-BUNDLE, test 3, top mass flow rate versus time . . . 182
9.5c OMEGA-BUNDLE, test 3, bottom mass flow rate versus time. . 182
9.5d OMEGA-BUNDLE, test 3, top void fraction versus time. . . . 183
9.5e OMEGA-BUNDLE, test 3, bottom void fraction versus time . . 183
9.5f OMEGA-BUNDLE, test 3, top pressure drop in the lower

sphere versus time . . . . . . . . . . . . . 184
9.5g OMEGA-BUNDLE, test 3, bottom pressure drop in the lower

sphere versus time . . . . . . . . . . . . . 184
9.Sh OMEGA-BUNDLE, test 3, top pressure drop in the upper

sphere versus time . . . . . . . . . . . . . .185
9.51 OMEGA-BUNDLE, test 3, bottom pressure drop in the upper

sphere versus time . . . . . . . . . . . . . 185
9.5j OMEGA-BUNDLE, test 3, top fluid temperature versus time. .186.

9.5k OMEGA-BUNDLE, test 3, bottom fluid temperature versus time .186
9.51 OMEGA-BUNDLE, test 3, wall temperature at Z=1.0 m versus

time; the two experimental curves correspond
to two different rods. . . . . . . . . . . . 187

9.5m OK?,GA-BUNDLE, test 3, wall temperature at Z=1.6 m versus
time . . . . . . . . . . . . . . . . . . . . 187

9.5n OMEG,'-BUNDLE, test 3, wall temperature at Z=2.3 m versus
time . .188. . . . . ............. .

9.5o OMEGA-b'INDLE, test 3, wall temperature at Z=3.4 m versus
time . . . . . . . . . . . . . . . . . . . . 188

9.6a OMEGA-BUNDLE, test 18, pressure versus time. . . . . . . . 189
9.6b OMEGA-BUNDLE, test 18, top mass flow rate versus time. . . 190
9.6c OMEGA-BUNDLE, test 18, bottom mass flow rate versus time . 190
9.6d OMEGA-BUNDLE, test 18, top void fraction versus time . . . 191

|
9.6e OMEGA-BUNDLE, test 18, bottom void fraction versus time. . 191

9.7a OMEGA-BUNDLE, test 11, pressure versus time. . . . . . . . 192
9.7b OMEGA-BUNDLE, test 11, top mass flow rate versus time. . . .193
9.7c OMEGA-BUNDLE, test 11, bottom mass flow rate versus time . 193
9.7d OMEGA-BUNDLE, test 11, top void fraction versus time . . . 194

-

k k b



|

26/136 SETh/LEML/08-138

9.7e OMEGA-BUNDLE, test 11, bottom void fraction versus time'. . 194
9.7f OMEGA-BUNDLE, test 11, top pressure drop in the lower

sphere versus time . . . . . . . . . . . . . 195
9.79 OMEGA-BUNDLE, test 11, bottom pressure drop in the lower

sphere versus time . . . . . . . . . . . . . 195
9.7h OMEGA-BUNDLE, test 11, top pressure drop in the upper

sphere versue time . . . . . . . . . . . . . 196
9.71 OMEGA-BUNDLE, test 11, bottom pressure drop in the upper

sphere versus time . . . . . . . . . . . . . 196
9.7j OMEGA-BUNDLE, test 11, top fluid temperature versus time . 197
3.7k OMEGA-BUNDLE, test 11, bottom fluid temperature versus time.197
9.71 OMEGA-BUNDLE, test 11, wall temperature at Z=0.5 m versus

time; the two experimental curves correspond
to two different rods. . . . . . . . . . . . 198

9.7m OMEGA-BUNDLE, test 11, wall temperature at Zal.6 m versus
time . . . . . . . . . . . . . . . . . . . . 198

9.7n OMEGA-BUNDLE, test 11, wall temperature at Z=2.3 m versus
time . . . . . . 199. .. . . ... . . . . . .

9.7o OMEGA-BUNDLE, test 11, wall temperature at Z=2.9 m versus
time . . . . . . . . . . . . . . . . . . . . 199

9.8a OMEGA-BUNDLE, test 19, pressure versus time, . . 200, . ...

9.8b OMEGA-BUNDLE, test 19, top mass flow rate versus time. . . 201
9.8c OMEGA-BUNDLE, test 19, bottom mass flow rate versus time . 201
9.8d OMEGA-BUNDLE, test 19, top void fraction versus time . . . 202
9.Be OMEGA-BUNDLE, test 19, bottom void fraction versus time. . 202
9.8f OMEGA-BUNDLE, test 19, wall temperature at Zal.6 m versus

time; the two experimental curves correspond
to two different rods. . . . . . . . . . . . 203

9.89 OMEGA-BUNDLE, test 19, wall temperature at 2=2.3 m versus
time . . . . . . 203. . . . . . . . . . ... .

9.9a OMEGA-BUNDLE, test 13, pressure versus time. . . . . . 204..

9.9b OMEGA-BUNDLE, test 13, top mass flow rate versus time. . . 205
9.9c OMEGA-BUNDLE, test 13, bottom mass flow rate versus time . 205
9.9d OMEGA-BUNDLE, test 13, top void fraction versus time . . . 206
9.9e OMEGA-BUNDLE, test 13, bottom void fraction versus time. . 206
9.9f OMEGA-BUNDLE, test 13, top pressure drop in the lower

. 207sphere versus time . . . . . . . . .. . .

9.99 OMEGA-BUNDLE, test 13, bottom pressure drop in the lower
.207sphere versus time . . . . . . . . . . . ..

9.9h CMEGA-BUNDLE, test 13 top pressure drop in the upper
sphere versus time . . . . . . . . . . . . . 208

9.91 OMEGA-BUNDLE, test 13, bottom presbure drop in the upper
sphere versus time . . . . . . . . . . . . . 208

9.93 OMEGA-BUNDLE, tect 13, top fluid temperature versus time . 209
9.9k OMEGA-BUNDLE, test 13, bottom fluid temperature versus time.209 i

9.91 OMEGA-BUNDLE, test 13, wall temperature at Z=0.5 m versus
time; the two experimental curves correspond

to two dif f erent rods. . . . . . . . . . . . 210
9.9m OMEGA-BUNDLE, test 13, wall temperature at Z=1.6 m versus

time . .210. . . . . . . . . . . . . . .. . . .

9.9n OMEGA-BUNDLE, test 13, wall temperature at Z=2.3 m versus
time . . . . . . . . . . . . . . . . . . . . 211

9.90 OMEGA-BUNDLE, test 13, wall temperature at Z=3.4 m versus
time . .211. .. . .. . . . . . . . . .. . . .

~

l
l

'a a e



SETh/LEML/80-138 27/136

9.10a OMEGA-BUNDLE, test 9, pressure versus time . . . . . . . . 212
9.10b OMEGA-BUNDLE, test 9, top mass flow rate versus time . . . 213
9.10c OMEGA-BUNDLE, test 9, bottom mass flow rate versus time. . 213
9.10d OMEGA-BUNDLE, test 9, top void fraction versus time. . . . 214
9.10e OMEGA-BUNDLE, test 9, bottom void fraction versus time . . 214
9.10f OMEGA-BUNDLE, test 9, top pressure drop in the lower

sphere versus time . . . . . . . . . . . . . 215
9.109 OMEGA-BUNDLE, test 9, bottom pressure drop in the lower

sphere vttsus time . . . . . . . . . . . . . 215
9.10h OMEGA-BUNDLE, test 9, top pressure drop in the upper

sphere versb5 time . . . . . . . . . . . . . 216
9.101 OMEGA-BUNDLE, test 9, botton: pressure drop in the upper

sphere versus time . . . . . . . . . . . . 216
9.10j OMEGA-BUNDLE, test 9, top fluid temperature versus time. . 217
9.10k OMEGA-BUNDLE, test 9, bottom fluid temperature versus time .217
9.101 OMEGA-BUNDLE, test 9, vall temperature at Z=0.5 m versus

timet the two experimental curves correspond
to two different rods. . . . . . . . . . . . 218

9.10m OMEGA-BUNDLE, test 9, wall temperature at Z=1.6 m versus
time . . . . . . . . . . . . . . . . . . . . 218

9.10n OMEGA-BUNDLE, test 9, wall temperature at Z=2.9 m versus
time . . . . . . . . . . . . . . . . . . . . 219

9.10o OMEGA-BUNDLE, test 9, wall temperature at Zs3.4 m versus
time . . . . . . . . . 219...........

9.11a OMEGA-BUNDLE, test 2, time step versus time. . . 220. ....

9.11b OMEGA-BUNDLE, test 3, time step versus time. . . 220. ....

9.11c OMEGA-BUNLEE, test 9, time step versus time. . . . . . . . 221
9.11d OMEGA-BUNDLE, test 11, time step versus' time . . . . . . . 221
9.11e OMEGA-BUNDLE, test 13, time step versus time . . . 222....

9.11f OMEGA-BUNDLE, test 18, time step versus time . . . . . . . 222
9.119 OMEGA-BUNDLE, test 19, time step versus time . . . 223....

9.12a OMEGA-BUNDLE, test 2, CPU time versus time . . . . 223....

9.12b OMEGA-BUNDLE, test 3, CPU time versus time . . . . . . . . 224
9.12c OMEGA-BUNDLE, test 9, CPU time versus time . . . . . . . . 224
9.12d OMEGA-BUNDLE, test 11, CPU time versus time. . . . . . . . 225
9.12e OMEGA-BUNDLE, test 13, CPU time versus time. . . . . . . . 225
9.12f OMEGA-BUNDLE, test 18, CPU time versus time. . . . . . . . .226
9.12g OMEGA-BUNDLE, test 19, CPU time versus time. . . . . . . . 226

9.13a OMEGA-BUNDLE, capacity meshing, test 9, upper void fraction
versus time. . . . . . . . . . . . . . . . . 227

9.13D OMEGA-BUNDLE, capacity meshing, test 9, bottom pressure
drop in the upper sphere versus time . . . . 227

9.13c OMEGA-BUNDLE, capacity modelled with 5 cells, void fract.on
| in the upper sphere versus time. . . . . . . 228

9.13d OMEGA-BUNDLE, capacity modelled with 3 cells, void fractian
in the upper sphere versus time. . . . . . . .228

9.14a OMEGA-BUNDLE, PLENUM component, test 9, pressure versus
time . . . . . . . .............229

9.14b OMEGA-BUNDLE, PLENUM component, test 9, lower mass flow
rate versus time . .229.............

9.14c OMEGA-BUNDLE, PLENUM component, test 9, upper void fraction

s s s



. . . . _ . . . . . . . . . . .

28/136 SETh/LEML/88-130

versas time. . . . . . . . . . . . . . . . . 230
9.14d OMEGA-BU.1DLE, PLENUM Component, test 9, wall temperature

at Z=1.6 m versus time . . . . . . . . . . . 230

9.15a OMEGA-BUNDLE, nodalization sensitivity, test 9, lower void

fraction verbus time . . . . . . . . . . . . 231
9.15b OMEGA-BUND.E, nodalization sensitivity, test 9, wall

temperature at Z=1.6 m versus time . . . . . 231

9.16a OMEGA-BUNDLE, choked flow model sensitivity, test 9,
pressure versus time . . . . . . . . . . . . 232

9.16b OMEGA-BUNDLE, choked flow model sensitivity, test 9, lower
mass flow ra*e versus time . . . . . . . . . 232

. e a



SETh/LERL/88-138 29/136

1 INTRODUCTION

|
| 1.1 Background

|

The laternational Cc$e Assessment and Applications Progras (ICAP) is
an international cooper stive reactor saf ety research program organized
by the Of fice of Nuclea r Regulatory Research, United States Nuclear Re-
gulatory Commission (UINRC) in 1985 to provide an independent assessment

,

of USNRC sponsored thel mal-hydraulic codes. The codes are developed for '

analysing nuclear powe plant response to postulated transients and loss
Iof coolant accidents !n light water reactors. The assessment results

from the ICAp are utr.d to qualitatively evaluate the code, and also to
quantify code uncercainty. The ultimate goal of the code assessment
program is to use the quantification of code uncertainty for scaled a p-
plications of the code to determine the accuracy of the code for nuclear
power plant application, !

The cosmissariat & l'Energie Atomique of France has joined the ICAP l

in september 1986. The code assessment program cf the CEA in the frame
of the ICAP includes mainly separate ef fects tests conducted in the Cen-
tre d' Etudes Nuc16aires de Grenoble.

Since there is a scarcity of plant transient or accident data, the
code assessment has to rely heavily on simulation of the transients con-
ducted in plant subscale test f acilities. It is aise important to deter-
mine wether the thermal-hydraulic phenomena tnat are expected to control
the transients in a nuclear power plant can be properly modelled, and to
assess the constitutive laws of the codes. This is achieved by con-
ducting separate effect experiments, focusing on a particular phenomenon
and performed in a reduced or full scale.

1.2 Testa Selection

1.2.1 Experiments

The CEA supported continuous efforts to provide comprehensive separa-
to effects experiments. Many of them are devoted to phenomena that occur
during postulated blowdown transients in a nuclear power plant, and were
conducted in the Centre d' Etudes Nuc16aires de Grenobles the MOBY-DICK
and SUPER-MOBY-DICK steady state critical flow tests, the CANON, SUPER-
CANON, VCRTICAL-CANON, OMEGA-TUBE and OMEGA-BUNDLE blowdown tests. The
CEA was also participant in the KARVIKEN full scale critical flow tests
international program, conducted in the Marviken power station in
Sweden.

t
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The succession of these experiments corresponds to an increasing com-
plexity and representativity of a nuclear power plant. The simpler expe-
riments (MOBY-DICK, SUPER-MOBY-DICK, CANON, SUPER-CANON, VERI 4 CAL-CAN0h)
are adiabatic tests in order to deal only with hydrodynamic phenomena,
and the test sections of these experiments have not been designed to be
representative of whatever may exist in a nuclear power plant, but es-
sentially to allow accurate and significant measurements, in order to
obtain a better understanding of the basic phenomena that occur during a
blowdown. The more complex experiments ' OMEGA-TUBE, OMEGA-BUNDLE) inclu-
de an heated tune or rod bundle, simulating the core, and capacities $1-
mulating the primary circuit volume.

The NORT-DICK tests are devoted to steady state low pressure and low
quality critical flows, whereas the SUPER-NORT-DICK tests are devoted to
steady state high pressure and high velocity critical flows, both 37
vertical tubes of 14 or 20 mm inside diameter.

The CANON and SUPER-CANON tests are devoted to adiabatic blowdown
trar' ents in a simplified geometry consisting in a horizontal tube of
0.1 r inside diameter. The CANON tests are conducted with an initial,

pressure of 3.2 MPa, and the SUPER-CANON tests with an initial pressure
of 15 MPA corresponding to the pressure in the primary system of a PWR.

The VERTICAL-CANON tests are devoted to adiabatic blowdown transients
in a simplified geometry consisting in a vertical tube of 0.1 m inside
diameter, with a small break at the top. The VERTICAL-CANON tests are
conducted with initial pressures of 5 through 15 Mpa.

The KARVIKEN Critical Flow Tests are devoted to adiabatic blowdown
transients in a reactor vessel followed by a discharge pipe and a
nozzle, which supports rupture discs. The tests are conducted with an
initial pressure of 5 MPa, with subcooled conditions in the vessel and
different nozzle lengths and diameters.

The ONEGA-TURE tests are devoted to blowdown transients in a simpli-
fied geometry consisting in a vertical heated tube of 0.012 m inside
diameter and 3.66 m length simulating the reactor core, connected ups-

'
tream and downstream to capacities which simulate the primary circuit
volume, and support the nozzles preceeding the breaks. The OMEGA-TUBE
tests are conducted with an initial pressure of 16 MPA corresponding to
the pressure in the primary system of a PWR.

The OKBGA-BUNDLE tests are devoted to blowdown transients in a sim-
pilfied geometry consisting in a vertical bundle of 36 electrically hea-
ted rods in full length simulating the reactor core, connected upstream ,

and downstream to capacities which simulate the primary circuit volume,
and support the nozzles preceeding the breaks. The OMEGA-BUNDLE tests
are conducted with an initial pressure of 13 MPA representative of the
pressure in the primary system of a pWR.

1

1
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t

1.2.2 Criteria for Tests asiection

Among the numerous tests performed for each experiment, some were se- !

lected for code assessment. The criteria for selection are stated he-
'

reafter.

Thermonyaraulic conditions of the test are as close as possible of '

| the anticipated conditions to be encountered during an accident on
reactor. The range of parameters is as large as possible; the valuee of
the parameters of all the tests of a facility are inside the range of
the parameters of the selected tests. Tests have significant featurest
that is to say, regarding some special effects, they are illustrated by
the selected testa. Experimental results, i.e. measurements, are accura-
to enough, and reliable. Tests are choosen in such a way that as few

| tests as possible are needed te achieve the previous goals,

l

1.3 Objectives

The objective of this report is to present the results of the code
simulations and the comparisons with the experimental data for tests so-
1ected from the MOBY-DICK and SUPER-MOBY-DICK critical flow tests, the
CANON, SUPER-CANON, VERTICAL-CANON, MARVIKEN, OMEGA-TUBE and OMEGA-BUN-
DLE blowdown tests.

The experiments are devoted to phenomena that occur during blowdown
transients in a nuclear power plant, but are not representative of a po-
wer plant like plant subscale test facilities. The objective of the as-
sessment of the code using separate effects experiments is then rather
to draw conclusion concerning the models and constitutive laws of the
code, than to derive conclusions concerning plant accident analysis. .

>

|
1.4 Seport Outline

! Chapters 2 through 9 present the bulk of the assessment work, each
chapter correspondino to a single experiment, in the following succes-

|
sion: MOBY-DICK, SUPER-MOBY-DICK, CANON, SUPER-CANON, VERTICAL-CANON,
MARVIKEN, OMEGA-TUBE and OMEGA-BUNDLE.

Each chapter opens with the test section description, including a
description of the measurements performed. It is followed by the code
input model, and then by the base case calculation results and run sta-
tistics. Sensitivity studies are then presented, including always noda-
lization sensitivity and results obtained with natural choking and with
the choked flow model, and finally the conclusion derived from the code
assessment using the considered experiment. The tables, including typi-
cal input data decks, are inserted after each chapter. The figures are

l |

!'

-
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presented in vplume 2 of this report, in order to provide a better rea-
ding of togt hor the text and the figures. Overall summary, conclusions

,

and recommendations are presented in chapter 10.
i

|

|

1

|
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2 MOBY-DICK CRITICAL PLOW EXPERIMENTS

3.1 Test Description

|

L The MOBY-DICK critical flow steady state tests were conducted in the
|- Service des Transferts Thermiques of the Centre d' Etudes Nuc16aires de ,

Grenoble (France), during the years 1971 through 1975 (test section 1:
Reocreux, 1974, test sections 2 and 3: Guizouarn et al., 1975).

?

2.1.1 Test Sections j

The MOBY-DICK tests were conducted with three different test |
sections, each for vertical upflow. |

|

The lower part of test section 1 consists of a vertical straight pipe
|

of 20 mm inside diameter and 2.160 m length, including 5 pressure taps.
|.

The upper part of test section 1 consists of a vertical straight pipe <

section of 20 mm inside diameter and 0.285 m length, followed by a 7'

degrees divorging nozzle 0.327 m long, and another straight pipe of 60
mm inside diameter and 0.200 m length. The upper part is instrumented
with 35 pressure taps.

The lower part of test section 2 consists of a vertical straight pipe
of 14 mm inside diameter and 2.426 m length, including 4 pressure taps.
The upper part of test section 2 consists of a vertical straight pipe of
14 mm inside diameter and 0.245 m length, followed by a 7 degrees diver-
ging nozzle 0.2536 m long, and another straight pipe of 45 mm inside
diameter and 0.2816 m length. The upper part is instrumented with 22
pressure taps.

,

l The lower part of test section 3 consists of a vertical straight pipe1

of 29.5 mm inside diameter and 2.227 m length, followed by a converging
nozzle 0.130 m long, and a straight pipe of 2d .nm inside diameter and
0.069 m length. The lower part is instrument 6d with three pressure tape.
The upper part of test section 3 is the same as the upper part of test
section 2.

The two parts of test sections 2 and 3 have not the same roughness
(the upper part is smooth).

2.1.2 Nessurements

The dimnetral density is measured at sevtral locations along one to i
section by the X-rays absorption technique, for test section 1 only. The
measurement error is evaluated to 5 %.

MOBY-DICK

1
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The pressure is measured by pressure taps implemented along the test
sections. Results are given with an accuracy of 50 Pa for the measure-
ments in test section 1, and with an accuracy of 500 Pa for the measure-
ments in test section 2 and 3.

The fluid temperature at the inlet and outlet of the test sections is

measured by enromel-alumel thermocouples, with an uncertainty of 0.1 K.

The asse flow rate is measured by a turbine flow meter with an uncer-
tainty of-1 %.

2.1.3 Test Natrix
1The tests with section 1 were conducted for three pressures ( 0.150, ;

0175 and 0.200 MPa) and four mass flow rates (4.2, 6.5, 8.7 and 10.3 1

Mg/m2.$).

The tests with section 2 wete conducted for one pressure (0.20 MPa)
and four mass flow rates (6.5, 8.5, 10.2 and 11.9 Mg/m2.s). The tssts
with section 3 were conducted for four mass flow rates (5 4, 6.9, 7.5
and 10.2 Mg/m2.s) at the pressure of 0.35 MPA, and for four mass flow
rates (9.0, 11.7, 13.3 and 14.7 Mg/m2.s) at the pressure of 0.7 MPa. For
each fixed value of the critical pressure and mass flow rate, two
through five tests are conducted, with a reduction of the outlet pres-
sure. If the inlet pressure remains the same, then the flow is under
critical conditions.

The following tests were selected for TRAC simulation in the frame of
the ICAP:

1

Test section la
|Test 403: P=0.15 MPa, G= 4 Mg/m2.s, T=390 K.
!

Test 400: P=0.15 MPa, G=10 Mg/m2.s, T=389 K.
.

Test 4558 P=0.20 MPa, G=10 Mg/m2.s, T=398 K. !

Test section 2:
Test 79: P=0.20 MPa, G=10 Mg/m2.s, T=398 K.

Test section 3: 1

Test 172: P=0.70 MPa, G=13 Mg/m2.s T=447 K.

2.2 Input Model |
..

Tables 2.1 give typical input data decks used for the MOBY-DICK simu-
lations.

2.2.1 Components

The test section is modelled with a PIPE component.
)

!

MOBY-DICK
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Two BREAK components, one at the entrance and the other at the exit ;

of the test section, are used to impose '.,ne pressure boundary condi- ,

tions. The temperature is imposed at the entrance in the BREAK compo-
nent.

The entrance and exit BPLAK lengths are equal respectively to the
first and last cell ler;.n, in order to impose the entrance and exit
pressure at the ex*t. location where they are measured.

i

1

!2.2.2 Wodalisation

In order to compare predictions with data r. ear the throat, where the
pressure and void fraction variations are very large, a fine mesh is ;

used at the throat (0.02 m). Simulations are made without the choked
flow model (option ICTLOW=0).

The size of the cells is increasing from the throat to the ends of
the tube, until 0.45 m or 0.50 m at the inlet, .ad 0.00 or 0.09 at the
outlet. Twenty-six cells are used to model *,st section 1, and twenty-
five for tests sections 2 and 3 (fig. 2 '.p.

In order to obtain a valuable comparison between tests, the same in-
let position for each test must be used, as explained in paragraph
2.5.1. The inlet pressure at position ZA (ZA=-2.395 m with Z=0 at the
throat) is therefore extrapolated from the other experimental pressures
for test 455, where experimental pressure PA at ZA is missing. In the
same way, an inlet pressure PA1 at pssition ZA1 (ZAl=-2.395 m) is extra-
polated from pressures PA at ZA (ZA=-2.433 m) and PD at ZD (ZD=-0.723 m)
for test 79 performed with test section 2. The value pal =0.378 MPa is e

obtained.

For test 172 performed with test section * 11Y the measured pressu-

re PD at ZD (ZD=-0.327 m) is available. The lo. .t of test section 3
is therefore modelled as the lower part of test si an 2 (14 mm dia-
meter, same friction factor). The inlet pressure Pam at ZA1 is extrapo-
lated from the experimental presnsure PD at ZD and the calculated pres-

'

,

sure drop between ZA1 and ZD. Th9 value pal =1.078 MPa is obtained.

2.2.3 Friction Factor

Pressure measurements located before the boiling inception point, in
the lower part of the test sections, give informations to fit the wall

! friction factor. Neglecting the acceleration term and the variation of
the physical properties of the fluid gives the following pressure gra-
dient (with TRAC nomenclature):

[
DP/DZ = rho a g+2*fa rho a Ve V / Dh,
where

( f = a / Re**0.2 and Re = rho a V aDh / mu ',

i are tne friction factor and Reynolds number.

| Measurements give DP, DZ and VI the physichi properties rho and mu
are taken from the code. The value of the coef ficient a fitted from the
experimental results are presented in table 2.2.

MOBY-DICK
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The experimental value of the coefficient a is compared to the stan-
dard value of the code, which is 0.046. The conclusion is that for test
section 1 and the upper part of test section 2, the experimental value
corresponds to the standard value (smooth tube). For the lower part of
test section 2 the standard value is too lows an additional friction
factor is used (FRIC option). The value of TRIC is calculated from the
following equation:
FRIC = 2 a (fexp - feode ).
For test 79 (with the measured value of V), the value TRIC=1.7a10-3 is
obtained. For test 172, conducted with test section 3, no sufficiently

; pressure measurements exist to fit the coefficient, and the same values
as for test 79 are used.

2.2.4 Initial conditions

The following initial conditions are imposed in each cell of the pipe
components void fraction is zero, vapor and liquid velocity are 0.1 m/s,
vapor and liquid temperature are the inlet temperature, pressure is 0.2 ,

greater as the saturation temperature corresponding to the inlet tempe-
rature.

,

The time step is free, with an initial value of la10-3 s. The code is

run with fixed boundary conditions to reach a steady state for each
test.

>

2.3 Coos Predictions and Comparisons with Data
___ _ _ _ _ _ _

2.3.1 Oscillations

The run are pursued until 20, 40 or 60 seconds real time without
obtaining a steady state because oscillations occur (fig. 2.2). For tes-
ts 403, 406 and 79, the amplitude of the mass flow rate oscillations is

lower than the data uncertainty (1 %). For test 455, the amplitude of
the oscillations is 2.5 %, and for test 172, it is 5.5 %.

These oscillations are due to the small length of the cells at the
throat on one hand (see the nodalization sensitivity study paragraph
2.5.2), and to the abrupt decrease of the interfacial shear stress for a

j void fraction of 0.75, corresponding to the transition between bubble
-slug flow and annular flow regime, on the other hand (for test 403
only).

2.3.2 Boiling Inception

In the code predictions, boiling begins when the pressure becomes lo-
wer than the saturation pressure, whereas in the experimental data boi-
ling begins with a liquid overheating of 2 through 3 K. A delayed boi-
ling model is missing in the code.

|
|

MOBY-DICK
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2.3.3 Critical Flow

Table 2.3 compares the measured and calculated values (relative to
the position ZA1) of the critical mass flow rate for each test. Test 403
at low mass flow rate gives the worst results. For this test, the calcu-
lated void fraction at the throat is large, and very dif ferent from the
measured void fraction, which explains a different behavior from the
other tests.

It has to be noticed that these critical flow results are relative to
a given inlet position, as explained in paragraph 2.5.1.

2.3.4 Pressure and Void Fraction Profiles

The pressure and void fraction profiles are drawn at a given real ti- i
'

|
me of 20, 40 or 60 seconds, depending on the test (fig. 2.3). Their time
variations due to the oscillations are weak.

|

Tne measured and caleviated pressure lines coincide at the inlet po- I

sition ZA1, and then diverge in proportion of the difference between the ;

measured and calculated mass flow rates (the slope of the pressure line f

in the single phase region is proportional to the squared m&ss flow )
rate).

The boiling inception leads to an inflexion of the pressure line,
which is predicted at a too high pressure (lack of a delayed boiling mo-
del), but at positions not far from the experimental ones (except for
test 403): the calculated pressure difference between the inlet and the
boiling inception point is lower than tne measured pressure difference,
with a discrepancy which roughly corresponds to the difference between
the measured and calculated boiling inception pressures. The measured
and predicted void fraction lines are then not far one from the other.
For test 403 at lower mass flow rate, the pressure differences have not
the same order of magnitude than for the other tests, and the boiling
inception point is predicted far from the experimental one. The void
fraction lines are then very different.

2.4 Run Statistics

The runs are performed on a CRAY-XKP-2200 computer with TRAC-ppa / MOD 1
version 14.3. The run statistics are given on table 2.4, and figures ? 4

and 2.5 show typical picts of the time step and CPU time versus real
time. ,

For test 403, the time step is lower than for the other tests void
fraction oscillations, corresponding to the transition between bubble-
slug flow aid annular flow in the interfacial shear stress, occur in ad-
dition to the oscillations that exist for the other tests.

MOBY-DICK
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2.5 Sensitivity Studies
__

2.5.1 Entrance Location

Two simulations of test 400 are compared, the first corresponding to
the reference run (inlet position ZA = - 2.395 m), and the other perfor-
med with a shortened test section, with experimental pressure pD imposed

;at inlet position ZD = - 0.825 m). The results are given on table 2.6
i

and figure 2.6.

The two simulations lead to very different results in terms of criti-
cal mass flow rates, corresponding to very different pressure line
slopes. If the pressure line obtained with the run performed with _ pres-
sure pD imposed at position ZD is extended until position ZA, a pressure
PA' is obtained, lower of 0.327 Mpa from the experimental pressure PA.
In other words, imposing the experimental pressure at one or another 10-
cation is equivalent to impose one or another pressure at the same loca-
tion. Hence it is seen that the predicted critical flow depends on the
inlet position choosen by the code user, or on the pressure taps posi-
tion choosen by the experimentators.

The comparison is made for test 400, with a high mass flow rate, and
with two positions ZA and ZD far one from the other, two conditions
which enlarge the differences between the results of the two runs. Ne-
vertheless, the entrance location sensitivity is high, and the predicted
mass flow rates are relative to a given entrance position, and are not
absolute ones. Comparisons between tests have then to be made with the
same entrance location for each test, wich is choosen to be -2.395 m
upstream the throat.

,

The MOBY-DICK experiments are useful to assess the boiling model at
low pressure. The more interesting part in the tests is t*, region after
the boiling inception point, where a two phase flow existt The more the
single phase inlet region is long, the few the two phase region is
significant, with regard to the entire pressure d*op between entrance
and exit, the best seems to be the predicted flow rate.

2.5.2 Nodalisation

Runs were performed with a cell size at the throat of 0.005, 0.04 or
0.08 m instead of 0.02 m for the reference runs.

The results show that for sufficiently large cells at the throat, a
steady state is obtained, except for test 403, for which void fraction
oscillations still remains (fig. 2.7). The pressure lines are few sensi-
tive to the meshing. The void fraction lines are more sensitive: a fine
mesh is needed to track the boiling inception point (fig. 2.0). The mass

; i A
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flow rates are sensitive to the size of the throat cells (table 2.7),

hence the throat cells must be sufficiently small.
,

2.5.3 Choked Flow Model

Runs were performed with the choked flow model (option ICTLOW = 2,
with choked flow at the throat) instead of natural choking.

For the tests with weak interphase thermal desequilibrium, the resul-
ts are the same as those obtained with natural choking, with the same
nodalization sensitivity. 3

For test 172, the differences between the two runs are sensitive
(fig. 2.9): the discrepancy with the data of the mass flow rate pre- |
dicted with the choked flow model is -11 %, instead of -7 % for the re- J
ference run.

2.6 Summary and Conclusions
.

The simulation of five MOBY-DICK steady state critical flow tests was
performed with the code TRAC-pF1/ MOD 1 version 14.3. The test sections
are modelled with 25 or 26 cells, with throat cells of 0.02 m length,
and natural choking is used.

For all the tests, a steady state is not reached, due to the small
size of the throat cells, and, in addition for one test, to the abrupt
decrease of the interfacial shear stress for a void fraction correspon-

ding to the transition between bubble-slug and annular flow. However,
the amplitude of the mass flow rate oscillations is suf ficiently low to
allow comparisons between tests and data.

The pressure at the boiling inception is overpredicted, due to the
lack of a delayed boiling model. The experimental liquid overheating is
2 through 3 K at the boiling inception, which is significant at the low.
pressures of the tests.

For the runs performed with an inlet position located 2.395 m before
the throat, the predicted critical mass flow rates are underpredicted,
with devlations of -7 through -15 % for high mass flow rates, and of
-39 % for the test at low mass flow rate, for which the void fraction

line is far from the data.

The results are very sensitive to the inlet location with regard to
the throat, or to the single phase flow length with regard to the total
length, and the predicted mass flow rates are therefore relative to a
specified inlet location.

The runs performed with different cell sizes at the throat show that
the oscillations vanish with sufficiertly large cells (0.08 m), exespt

for the test with a void fraction corresponding to the abrupt decrease

MOBY-DICK
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of the interfacial shear stress at the transition between the bubble
-slug and annular flow regimes. The predicted mass flow rates are sensi-

tive to the cell size.

The runs performed with the choked flow model show a worse agreement
with the data only for the test with a significant interphase thermal
desequilibrium.

I

!

i
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Table 2.14 NOST-DICK, typical input data deck for test sectiert le
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Table 2elbs NOST-DIC3C, typical irtput data deck for test sections
2 and 3.
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Table 2.2: MOBY-DICK, experimental values of the friction
factor' coefficient. |

Test DP kPa DZ m V m/s 10-5aRe a

403 32.7 2.1 4.36 3.31 0.045
400 90.3 2.1 10.8 8.13 0.047
455 63.9 1.573 10.7 8.62 0.045

79 upper part 7 0.12 10.6 6.03 0.047
79 lower part 119 1.71 10.6 6.03 0.058

Table 2.3: MOBY-DICK, measured and calculated mass flow rate, .

I

pressure and void fraction.

Test 403 408 455 79 172

'

Mass flow rate Mg/m2as
Data 4.2 10.3 10.2 10.2 13.3.
TRAC 2.6 9.3 0.7 9.2 12.3

Difference % -39 -10 -15 -10 -7

, -

Throat pressure MPa
Data 0.151 0 152 0.201 0.204 0.720
TRAC 0.128 0 170 0.229 0.223 0.780

Difference % -15 +12 +14 +9 +8

Throat void fraction
Data 0.50 0.05 0.15

| TRAC 0.89 0.07 0.12 0.24 0.60
Difference +0.39 +0.02 +0.03

m ,!

'i

.

k

!
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Table 2.48 MOBY-DICK, run statistics.

Test 403 400 455 79 172 ;

i

Real time s 20.1 60.3 40.0 20.1 20.?
.i

|
Time step number- 428 319 297 237 305 i

1,
Mean time step s 0.047 0.19 0.13 0.085 0.066 !

;

CPU timo s 14.2 9.2 ' 9.8 84 9.4

CPU time / real time 0.71 0.15 0.24 0.42 0.47

CPU time / (cellatime step) 1.3a 1.la 1.3a 1.4a 1.2a
10-3 10-3 10-3 10-3 10-3

|

|

Table 2.5: MOBY-DICK, comparison of the critical parameters predicted |
for the test 408 with two different inlet positions. ,

!

Mass Difference . Throat Throat Inception
flot- With the pressu- void boiling
rate data rePa fraction pressure

Mg/m2as MPa

Data 10.3 0% 0.152 0.05 0.163 ,

Inlet 9.3 -10 % 0.170 0.07 0.176 .

position ZA
{

Inlet 6.4 -38 % 0.172 0.09 0.177,

position ZD

.

-

MOBY-DICK
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Table 2.6 MOBY-DICK, Comparison of the mass flow rates predicted i

with different throat cells sizes, and discrepancy.with

the reference.

t

Cell size m Test Test. Test i

403- 408- 455

0 005 Mass flow rate Ng/m2*s 2.55 9.28
Difference % -0.4 0.0

0.020 Mass flow rate Ng/m2as 2.56 9.28 8.68
(reference)

0.040 Mass flow rate Ng/m2as 9.29
Difference % +0.1

!

0.000 Mass flow rate Ng/m2*s 2.77 9.41 8.86 ;

Difference % +8.2 +1.4 +2.1

:

I

!

-!
!.

i

i

,
;

!g-
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'

3 SUPER-MOBY-DICK CRITICAL FLOW EXPERIMENTS

3.1 Test Description

__

The SUPER-MOBY-DICK critical flow steady state tests were conducted
in the.Setvice des Transferts Thermiques of the Centre d' Etudes Nucl6ai-
res de Grenoble (France), during tho year 1980 through 1983 (test
section la Jeandey et al., 1981, test section 2: Jeandey et al., 1983,
test section 3: Jeandey and Gros d'A111on, 1983).

3.1.1 Test' Sections

The SUPER-MOBY-DICK tests were conducted with three different test
sections, each for vertical upflow.

.

Test section 1, named long nozzle with divergent, consists of a ver-
tical straight pipe of 66.7 mm inside diameter and 0.364 m length, fol-
lowed by a profiled convergent section of 0.100 m length, then by a
straight pipe of 20.13 mm inside diameter and 0.363 m length, then by a
7 degrees diverging nozzle 0.437 m long, and finally by a straight pipe
of 73.7 mm inside diameter and 0.750 m length.

Test section 2, named long nozzle with sudden expansion, consists of
a vertical straight pipe of 87.5 mm inside diameter and 0.300 m length,
followed by a profiled convergent section @f 0.100 m length, then by a

,

straight pipe of.20.05 mm inside diameter and 0.400 m length, and final-
i i ly by a straight pipe of 135 mm inside diameter and 1.600 m length (sud-

i ,
den expansion).

Test section 3, named short nozzle, cons uts of a vertical straight
p pipe of 87 52 mm inside diameter and 0.300 m length, followed by a pro-

'

filed convergent section of 0.100 m length, and finally by a straight
pipe of-135 mm inside diameter and 2.000 m length (sudden expansion).

{
'

3.1.2 Measurements

11 The pressure is measured by pressure taps implemented along the test
sections. The upper bound error value, given with 95 % confidence is
0.02 Mpa.

The fluid temperature at the entrance of the test section is measured
Dy two platinum resistance-probes. The upper bound value of the entrance

,

,

temperature error , given with 95 % confidence, is 0.2 K.

The asas flots rate is measured by a turbine flow meter. The upper
bound error value is 2 % for flow rates higher than 4 kg/s, and up to

r

SUPER-MOBY-DICK
~
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4 % for flow rates of 1 kg/s.

The mean 6ensity over chords at several locations along the test .q

section is measured using the X-rays attenuation technique, for part of
4

the tests conducted with test section 1 only. The mean error value is
about 2 %. The void fraction is calculated from the -density measure-
ments, using the following hypothesect the liquid temperature is the in-
let temperature; the vapor temperature' is the saturation temperature
corresponding to the pressure measured near the density measurement lo-
cation.

The power dissipated in the preheaters is measured in order to calcu-
late the inlet quality through a heat balance, for the tests with posi-
tive inlet quality.

For the tests conducted with positive inlet quality, instabilities
occured in the loop, and the given values of the measurements errors are
not suitable, ,

.

3.1.3 Test Matrix

About hundred tests were conducted with test section 1, for mass flux
from 10 through 62 Mg/m2.s, pressures from 0.5 through 12 MPa and inlet
temperatures from 410 through 600 K. Twelve tests were conducted with
test section 2, the conditions of which correspond to twelwe tests of
test section 1. Forty tests were conducted with test section 3, the con-

- ditions of which correspond to forty tests of test section 1.

The following tests were selected for TRAC, simulation in the frame of ;

the ICAP:

Test section 1 (long nozzle with_ divergent):
Test 1: P= 12 MPa, G = 62 Mg/m2.s, T = 579 K.
Test 2: P= 12 MPa, G = 48 Mg/m2.s, T = 593 K.
Test 3: P= 12 MPa, G = 44 Mg/m2.s, T = 598 K.
Test' 4: P =. 12 MPa, G = 37 Mg/m2.s, X = 0.05 %.
Test 58 P= 12 MPa, G = 33 Mg/m2.s, X = 2.40 %.

L Test 6: P = 4.0 MPa, G = 52 Mg/m2.s, T = 507 K.
Test 7: P = 3.3 MPa, G = 26 Mg/m2.s, T = 507 K.
Test- 8: P = 3.1 MPa, G = 22 Mg/m2.s, T = 507 K.

' Test 9 P = 3.1'MPa, G = 21 Mg/m2.s, T = 507 K.
Test 10: P = 3.0 MPa, G = 20 Mg/m2.s, T = 507 K. ;

Density measurements were not included in these tests, but in the
following, conducted with similar conditions:
Test l's P =- 12 MPa, T = 579 K.
Test 2's P = 12 MPa, T = 593 K.
Test 3's P = 12 MPa, T = 598 K.
Test 5's P = 12 MPa, X = 3.8 %.
Test 8's P = 3.1 MPa, T = 507 K.

SUPER-MOBY-DICK
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Test section 2 (long nozzle with sudden expansion):
;Test lia P = 12 MPa, G = 62 Mg/m2.s, T = 578 K. '

Test 12: P = 12 MPa, G = 47 Mg/m2.s, T = 585 K.
Test 13 P = 12.MPa, G = 42 Mg/m2.s, T = 597 K.

The parameters of test 12, as given in the experiments report , seem i

to be inconsistent with regard to the values obtained in similar condi-
tions for test 2 in test section 1. As a matter of fact, the conclusions
of the experiments report notice that a good agreement 19 found between i

the critical mass flow rates measured under the same conditions with di-
vergent and with sudden expansion. After an interview of the experimen-
tators, it seems that the entrance temperature printed in the report has '

to be suspected. Hence a new test 12' is defined as follows:
' Te st 12 ' s P = 12 MPa , G = 47 Mg/m2. s , T = 591 K.

Test section 3 (short nozzle with sudden expansion):
Test 14 'P = 3.3 MPa, G = 43 Mg/m2.s, T = 507 K.
Test 15: P = 3.0 MPa, G = 21 Mg/m2.s, X = 0.9 %.

3.2 Input Model

1

Tables 3.1 give typical input data decks used for SUPER-MOBY-DICK si-
mulations.

3.2.1 components

The test section is modelled with a PIPE component.
.

Two BREAK components, one at the entrance and the other at- the exit
of the test section, are used to impose the pressure boundary condi-
tions. The temperature is imposed at the entrance in the BREAK compo-
nent.

The entrance and exit BREAK lengths are equal respectively to the
first and last cell length, in order to impose the entrance and exit
pressure at the exact' location where they are measured.

3.2.2 Nodalisation of the Convergent,-

3.2.2.1 Definitions

Let us consider the convergent modelled hereafter, where A0 through
A3 are the flow areas, VO through V3 the velocities, and PO through P3
the pressures. All these values are defined at the cell edges. The pres-
sures P01, P12 and P13 at the cell centers are also defined.

!
I

| SUPRR-WORY-nfrv
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. flow direction =====> --x--o--x--o--x--o--x-
A0 . Al . A2 . A3

|
VO . V1 . V2 . V3' - -

P0 . 71 . P2 . P3 ,

. . . ,

Pol P12 P23
9

The following hypotheses are andet wall shear stress and gravity
pressure drops negligible, liquid single phase flow, constant density.
The pressure drop due to the restriction of the flow area is calculated,l.

I with the Bernoulli equation on one hand (which corresponds to the data),
and like it is predicted by the code on the other hand.

|
3.2.2.2 Pressure Drop Givem by the Berass1LL Squatian

a

L The pressure drop P1 - P2, as given by the Bernoulli equation is the
I following

( P1 - P2 ) / rho = ( V2**2 - Vleeg ) / 2 ;!-

The mass balance yields:-
V2 / V1 = Al / A2-x is defined as the flow area ratio; the Bernoulli equation is then
written under the following forms

( P1 - P2 ) / rho = Visa 2 * (1 - Rae2 )./ 2

With our hypotheses, the following' equation can also be written,
which will be useful for the comparisons:
P23 = P2 |

3.3.3.3 Presere Drop Calculated tiy BBC

The staggered mesh scheme used by TRAC yields therfollowing pressure
drop (shear stress and gravity terms neglected):
( P12 - P23 ) / rho = V2 e ( V2 - Vi )

Taken into account the mass balance and the definition of x yields:
( P12 - P23 ) / rho = Vla*2 a x * (x - 1 )

The flow areas A0 and Al are the same, and consequently the veloci-
ties VO et V1 and the pressures Pol and P12, which are equal to Pl. I

|

|

SUPER-If08Y-DICK
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3.3.3.4 comparison'

The difference'between the pressure drops calculated by the two
methods is the following:
Op(TRAC) - DP(Bernoulli) = rho a Vlas2's ( x - 1 )**2 / 2.

If the convergent is modelled with several cells in the code, the to-
tal pressure drop cal.rulated by TRAC is. obtained ty . addition of the
pressure drops calculated between the successive cells.

3

The comparisons are made for a convergent divided into 1, 2, 5, 10
or 50 cells. The results are given on table 3.2, with values of V1 cor-
responding to testa 1 and 10 ( lower and upper bounds: Vi=8,0 m/s for
test-1 and Vi=2,3 m/s for test-10,'with rho = 655 kg/m3as for test 1 and
rho = 822 for test 10).

The code TRAC gives a pressure drop corresponding to the Bernoulli
pressure drop enly with a gr at number of cells: when the flow area ra-

|
tio decreases ano %comes r. ear 1, the calculated pressure drop becomes |near the Bernoulli's J.4. The use of a great number of cells is then re-

|quired in order to obtain a realistic simulation of the tests.
I

Sensitivity studies, presented in paragraph 3.5.2, have led to the
choice of a convergent asdelled with 25 cells of 0.004 m length. This
fine noding allows moreover a fine detection of the predicted boiling
inception point, when it is located in the convergent.

; 3.2.3 Nodalisatica of the Test Sectics
o

i In order to compare predictions with data near the throat, where the
! pressure and void fraction variations are very large, a fine aesh is

.

used at the throat, and natural choking is used. The sensitivity study '

presented in paragraph 3.5.3 shove that a cell size of 0.004 a is requi-
red (same-size as in the convergent).

The sine of the cells is increasing from the throat and the conver-
gent to the ends of the tube. Fifty-six cells are used to model section
1,. fifty-cas for section 2, and thirty-six for section 3 (fig. 3.1).

3.3.4 Friction Facter

Experiments were performed in liquid single phase flow in order to
evaluate the friction factor. Role L 3 gives the results obtained for
different Reynolds number, yhsre fe2de is the code standard friction
factor, and fety the Opeilhantal value.

The FDIC parameter is fitted using the following equation ,

FRIC = 2 = ( foxp - feoda-)
The value FRIC = 1 0<,10-3 is used for tne simulations.

.

SUPER-N08f-DIC3C
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'3.2.5 Initial conditions

The. initial values are imposed in each cell of the PIPE components
void fraction is zero, vapor and liquid velocity are 0.1 m/s, vapor and-
liquid temperature are the inlet temperature, pressure is near the satu-
ration. temperature corresponding to the inlet temperature.

The time step is free,-with an initial value of la10-4 s. The code is ,

'
'run with fixed boundary conditions to reach a steady state for each
test, with a steady state convergence criterion of 2a10-2. '

3.3 Code Predictions and Comparisons with Data
- _ _ _ _______ _ __

-)

3.3.1 Steady State

No steady state is reached for tests 10 and 15, with 100 s CPU.

For test 10, the void fracticn in tne upstroam region is weakly os- j

cillating, but the mass flow rate is stable. A run with a steady state
'

convergence criterion.of 2.5a10-2 instead of 2.0a10-2 leads to a steady
state after 220 time step (real time 4.64 s), with a predicted critical
mass flow rate greater.of 0.2 % than the predicted one obtained with the
reference run.

For test 15, the mass flow rate oscillations are plus or minus 0.1 %,
and the void fraction of the upstream cells weakly oscillates. For this
test, a modification of the convergence criterion does not alter the re-
sults'(fig. 3.2).

.

The better stability of the results obtained for the SUPER-MOBY-DICK
simulations compared with the MOBY-DICK simulations (see paragraph
2.3.1), although smaller cell sizes are used for SUPER-MOBY-DICK simula-
tions, is probably due to the high pressure of the SUPER-MOBY-DICK tests
.(3 MPa and higher) compared to the low pressure of the MOBY-DICK tests
(0.7 MPa and lower), for which the constitutive laws are probably less-
suitable.

3.3.2 Critical Flow

Table 3.4 compares the measured and calculated values of the critical
mass flow rates for each test. The predictions are particularly good for
the tests with high entrance subcooling, where the two phase flow region
is short. They are good for the tests with positive inlet quality, with
high inlet void fraction. Thu worst predictions are obtained for the
tests with entrance conditions near saturation, for which the boiling
model takes a large part.

The results obtained for tests 12 and 12', compared with the results
obtained for tests 1 and 2, confirm the probability of a wrong entrance

temperature for test 12.

SUPER-MOBY-DICK



52/136 SETh/LEML/88-138

Tne simulation of the tests performed in test section'3 (short nozzle
with sudden expansion) is in poor agreement with the data. Bidimensional
effects are probably significant for these tests.

3.3.3 Pressure Lines

The pressure lines are presented on figures 3.3 through 3.5. The
pressure drop in the convergent is overpredicted for the tests with high
entrance subcooling, for which the boiling inception point is located
downstream the convergent (tests 1, 6 and 11). The fine noding of the-
convergent is not sufficient to correct the discrepancy with the Ber-
noulli pressure drop (see paragraph 3.5.2). For tests 1 and 6, the void-
fraction at the throat is sufficiently low, so that the entrance in the
divergent leads to a weak pressure increase, due to the enlargement,
which does.not appear in the data. For these tests, the pressure increa-
se in the divergent is located more downstream than for the datas the
predicted condensation is too slow.

For the tests with entrance conditions near saturation (tests 8, 9
and 10), the large error concerning the critical flow leads to an over-
predicted pressure at the convergent outlet. In the divergent, the void
fraction is overpredicted and the pressure underpredicted.

A rather good agreement is obtained for the pressure lines relative
to the tests with positive entrance quality (tests 4, 5 and 15).

,

|
1

3.3.4 Void Fraction Lines

The void fraction lines are presented on figures s.3 for the tests
with void fraction measurements.'The boiling model predicts a boiling
inception point located at the saturation conditions, but the data accu-
racy is not sufficient to track precisely the experimental boiling in-
ception point, which is generally located in the convergent, where the
pressure gradient is very large. The predicted void fraction lines indi-

cate a slow initial void fraction increase, and are rather in good.agre-
ement with the data in the fully developed boiling region. However, the
agreement between a specified test and TRAC may be good for the void
fractions but moderate or bad for the pressures and the mass flow rate.
=It is difficult to draw a conclusion concerning the boiling inception
point.

3.4 Run Statistics
.-- .

:

The runs are performed on a CRAY-XMp-2200 computer with TRAC-pF1/ MOD 1
version 14.3. The run statistics are given on table 3.5, and figures 3.6
and 3.7 show typical plots of the time step and cpu time versus real
time. A constant value of the time step ic rapidly reached for all the
tests, including tests 10 and 15 for which no steady state is reached.

SUPER-MOBY-DICK
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3.5' Sensitivity studies
.

3.5.1 Entrance Location

The MOBY-DICK simulations made with TRAC (chapter 2) have shown a
great sensitivity to the entrance location. For the' SUPER-MOBY-DICK

,

tests, the conditions are very different: in the region located upstream
the convergent, the pipe diameter is large (0.0667 m), hence the shear
stress is low, and the single phase pressure drop in the upstream part
of the pipe is weak. Moreover, this pressure drop is very weak with _re-
gard to the abolute value of the pressure on one hand (3 MPa for the lo-
wer pressure, instead of 0.15 through 0.7 MPa for the MOBY-DICK tests),
and to the pressure drop in the convergent on the other hand.

-

,

Nevertheless a run was made in simulation of test 1, with the experi-
mental pressure P1 imposed.at location Z1 (0.037 m upstream the conver-
gent) on one hand, and with pressure PO imposed at location 20 located

.

I1.537 m upstream t%a convergent on the other hand. PO is derived from P1
and the experimental value of the wall shear stress ( PO 12.015 MPa=

for test 1). The same result is obtained for the two runs. The entrance
location sensitivity is negligible for the SUPER-MOBY-DICK tests.

3.5.2 Nodalization of the Convergent

Runs were performed in simulation of test 6 (boiling begins after the
convergent), and of test 10 (two phase flow in the convergent), with a f

convergent modelled with 1, 2, 5,'10, 25 or 50 cells. These runs were
,

performed with throat cells of 0.02 m, before the final choice of the !

throat cells length, but the conclusions concerning the convergent noda-
lization-do not change. The results are given on table 3.6.

It is found that the more the cells number increases, the more the
critical mass flow rate, or the upstream velocity V1, increases. Hence
the term Vl**2 in the pressure drop formulation increases, and the -pre-
dicted pressure drop decreases slowly when the cells number increases.
Moreover, the pressure drop depending on the squared velocity, a low ve-
locity difference yields a large pressure drop difference: with 50
cells, the difference between TRAC and the data is relatively large in
terms of pressure drop. The pressure lines obtained with the different t

runs are presented on figure 3.8. The pressure being calculated at the |
cell center, there is a weak difference between the measured and calcu-
lated locations of the pressures at the exit of the convergent.

In order to obtain realistic simulations, a fine mesh of the conver-
gent is required. For 50 cells, the CPU time may be long; moreover, the
accuracy of the mass flow rates measurements is 2 % for the high flow

|

rates, and-4 % for the low flow rates. Table 3.6 shows that the diffe- |
rence between the models with 25 and with 50 cells are weak. Hence the |
choice of 25 cells was made for the reference runs.

,

SUPER-MOBY-DICK
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3.5.3 Throat Cells Nodalisation

Runs were performed with a cell size at the throat of 0.002, 0.01 or
0.02 m instead of 0.004 m for the reference runs.

The nodalization sensitivity becomes significant for cells of 0.02 m
(table 3.7 and figures 3.9). The choice of the lenghth'O.004 m for the,

reference runs was made after this sensitivity study, and also in ordere

to obtain precisely the pressure and void fraction profiles at the
throat, where their gradient are large. The size 0.004 m_ corresponds al-
so to the size of the cells in the convergent.

3.5.4 Friction Factor

Runs were performed whitout an adaptation of the code friction factor

to the measured one (with FRIC = 0). The critical mass flow rates obtai-
ned differ from the reference values from factors that are not higher
than the accuracy of the measured mass flow rates (+2.8 % for test 1,

+1.4 % for tests 5 and 10), and the pressure and void fraction lines are
little modified.

3.5.5 Choked Flow Model

Runs ws e performed with the use of the choked flow model (option
ICFLOW = 2, with choked flow at the throat), and with throat cells of

0.004 m and 0 JD2 m (table 3.9).

The differetce with the reference runs-is large for the tests with a
large thermal dasequilibrium (high inlet subcooling), because the choked
flow model is ba sed on the hypothesis of thermally homogeneous flow. The

- choked flow modet is not planned for a fine mesh, and hence the pressure
lines are differ int for the two nodalizations tested (fig 3.10).

3.6 Gunnary and conclusions

The simulation of fifteen SUPER-MOBY-DICK steady state critical flow
tests, with divergent and with sudden expansion, was performed with the
code TRAC-PF1/ MOD 1 version 14.3. The test sections are modelled with 36,
51 and 56 cells, with throat cells of 0.004 m length, and the natural
choking is used.

The staggered scheme used by TRAC does not respect the Bernoulli
equation for liquid single phase flow regime. A fine meshing (cells ef
0.004 m length) of the convergent located at the entrance of the cat.

sections is then required, in order to obtain realistic simulatici.e.

SUPER-MOBY-DICK
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No steady state is reached for only two tests. However the mass flow
rate oscillations are much lower than the data accuracy. The better sta-
bility of the SUPER-NOBT-DI N simulations, compared to the NOBT-DICK si-
mulations, is attributed to the higher pressure of the SUPER-MOBY-DICK
-tests, for which the constitutive laws are probably more suitable.-

The predicted critical mass flow rates cre in good agreement with the
data (discrepancy less than 5 %) for the tests with high entrance subco-
oling, for which the two phase flow region is short. The discrepancies
between predictions and data are larger (up to 10 %) for the tests - with
high inlet void fraction. The largest discrepancies (up to 23 %) are
obtained for the tests with entrance conditions near saturation, for
which the boiling model takes a large place.

The boiling model predicts a boiling inception point located at the.
saturation conditions, but the data accuracy is not sufficient to track
precisely the experimental boiling inception point. The predicted void
fraction lines indicate a slow initial void fraction increase, and are
rather in good agreement with the data, even if the agreement concerning
the pressures and mass flow rate is poor.

The sensitivity at the throat cells size beccess significant for a
cell length of 0.02 m. The runs performed without an experimentally fit-
ted friction factor lead to critical mass flow rates larger than the re-
forence ones, but with discrepancies not larger than the experimental
uncertainties.

The runs performed with the choked flow model give a discrepancy with
the data larger than the reference run for the tests with high inlet
subcooling, corresponding to a large interphase thermal desequilibrium.
For the other tests, the discrepancy is low.

SUPER-MOBY-DICK 1
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Table 3.ibt SUPER-MOBY-DICK, typical input data deck, test section 2. I
'

I
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Table 3.1c: SUPER-MOBT-DICK, typical input data doct, test section 3.
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. Table 3.2 SUPER-MOBY-DICK, pressure drop in the convergent as given
by the Bernoulli equation and by TRAC.

|

Cell number 1 2 5 10 25 50

DP(TRAC)/(rhoaV1+a2) 109.3 86.2 73.7 66.9 62.6 61.1

|DP(Bernou111)/(rho =Vi=*2) 59.6 59.6 59.6 59.6 59.6 59.6

Conditions 1
DP(TRAC) MPA 4.58 3.61 3.09 2.80 2.62 2.56

DP(Bernoulli) MPa 2.50 2.50 2.50 2.50 2.50 2.50
Difference MPa 2.08 1.11 0.59 0.30 0.12 0.06 .

Difference % 83.2 44.4 23.6 12.0 4.8 '2. 4
f

Conditions 10 h
DP(TRAC) MPA' O.48 0.37 0.32- 0.29 0.27 0.27 ]

DP(Bernoulli) MPa 0.26 0.26 0.26 0.26 0.26 0.26 ;

Difference MPa 0.22 0.11 0.06 0.03 0.01 0.01
IDifference t 85 42 23 11 4- 4

_

l23ble 3.3: SUPER-MOBY-DICK, experimental values of the friction I

factor coefficient.

1
#Re=10-6 5.1 5.7 6.2 6.7 7.3 7.9 8.4 11.0 13.6

2*fexp 6.1' . 6.0 6.0 6.0- 6.0 5.9 6.0 5.6 5.5
*10+3

1

i

2=fcode 4.2 4.1 4.0 4.0 _3.9 3.8 3.8 3.6 3.4 |
=10+3 |

l
| FRICa10+3 1.9 1.9 2.0 2.0 2.1 2.1 2.2 2.0 2.1

1

:

!
!
I
o
1

i

1

!

1
,

i
a
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Table 3.4 ' SUPER-MOBY-DICK, comparison of the measured and predicted
critical mass flow rates.

Test- Pressure Subcooling Measured Predicted Discrepancy
MPa in K or critical critical %

entrance mass flow mass flow
;7 quality rate kg/s rate kg/s

.

1 12.0 18.8 19.7 20.4 + 3.6
2 12.0 5.0 15.3 14.7 - 3.9

3. 12.0 0.2 14.2 12.4 -12.7 -|
4 12.0 Xe=0.05 % 11.6 12.3 + 6.0

)5 11.8 Xe=2.40 % 10.6 11.1 + 4.7
!

6 4.82 27.7 16.6 16.3 - 1.8 )
7 3.33 5.5 8.4 7.8 - 7.1 I

.8 3.11 1.6 7.1 5.0 -18.3
9 3.07 0.9 6.8 5.4 -20.6 |

10- 3.02 0.0 6.5 5.0 -23.1 -l
_

!

*

11 11.9 19.2 19.5 20.0 + 2.6

12 '12.0 12.6 14.9 17.8 +19.5 i

12' 12.0 6.6 14.9 15.2 + 2.0 |

13 12.0 1.1 13.1' 12.6 - 3.8 |
|

.|

14 3.32 5.3 13.4 11.0 -17.9 ')
15 3.03 Xe=0.90 % 6.5 5.8 -10.8 i

I

..

i

1

|

l'

l
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Table 3.5: SUPER-MOBY-DICK, run statistics.

Test Real Time Mean CPU CPU time CPU time /
time step time time s / real (cellatime

s number step s time step)

1 ~ 7.0 320 0.022 14.9 2.1 8.3*10-4
2 13.9 590 0.024 24.5 1.8 7.4=10-4
3 17.4 820 0.021 31.9 1.8 6.9a10-4
4 12.1 690 0.018 28.8 2.4 7.5*10-4

5. 13.4 770 0.017 29.8 2.2 6.9=10-4
6 24.1 640 0.038 28.3 1.2 7.9a10-4
7 8.9 240 0.037. 12.7 1.4 9.4a10-4
8 9.3 320. 0.029 15.6 1.7 8.7*10-4
9 6.5 330 0.020 15.7 2.4 8.5a10-4-

10 111.8 2097 0.039. 99.6 0.9 6.1*10-4

11 =4.6 400 0.011 15.0 3.3 7.4a10-4
12 5.7- 370 0.015 14.4 2.5 7.6a10-4
12' 8.4 570 0.015 '22.1 2.6 7.6*10-4

13 5.7 350 0.016 13.5 2.4 7.6a10-4

14 4.3 250- 0.017 8.2- 1.9 9.la10-4

15 .42.5 2397 0.018 99.8 2.3 11.6a10-4

I
SUPER-MOBY-DICK
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Table 3.62 SUPER-MOBY-DICK, simulations of the tests 6 and 10 with a
convergent modelled with 1, 2, 5, 10, 25 or 50 cells.

Nutber of cells 1 2 5 10 25 50

Test 6

Upstream velocity V1
Measured 5.74 m/s
Predicted by TRAC : 4.43 5.28 5.50 .5.64 5.72 -i

Difference % -22.0 -0.0 -4.2 -1.7 -0.3

DP convergent

Measured: 1.62 MPa
Predicted by TRAC: 1.81 1.75 1,72 1.70 1.69

Difference MPa 0.19 0.13 0.10 0.08 0.07
Difference % +11.7 +8.0 +6.2 +4.9 +4.3

CPU time s 8 12 24 44 240

Test 10

Upstream velocity V1
Measured: 2.25 m/s
Predicted by TRAC: 1.71 1.75 1.80 1.81

Difference %' -24.0. -22.0 -20.0 -19.6

DP convergent ;

Mer.sured: 0.26 MPa
Predicted by TRAC: 0.21 0.20 0.19 0.18

Difference MPa -0.05 -0 06 -0.07 -0.08
Difference % -19 -23 -27 -31

CPU time s 4 8 12 17
i
'

;
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'
Table 3.7 SUPER-MOBY-DICK, critical mass flow rates predicted with

different sizes of the throat cells, and discrepancy with
the reference run.b

Test 1 3 5 10

Cells of 0.002 m.
Predicted mass flow rate kg/s 20.39 12.25 10.98 4.99

Discrepancy with the reference % 0.0 -1.2 -0.9 -1.2

Cells of 0.004 m
Predicted mass flow rate kg/s 20.39 12.40 11.08 5.05

Reference

Cells of 0.01 m
Predicted mass flow rate kg/s 120.42 12.49 11.16 5.12

Discrepancy with the reference % +0.1 +0.7 +0.7 +1.4

Cells of 0.02 m
Predicted-mass flow rate kg/s 20.41 12.76 5.19

Discrepancy with the reference % +0.1- +2.9 +2.0

Table 3.88 SUPER-MOBY-DICK, critical mass flow rates predicted with
the choked flow model and different throat cells size,
and discrepancy-with the data.

Test 1 3 5. 10

t
' Cells of'O.002 m

| Predicted mass flow rate kg/s 11| . 5 11.9 11.0 5.0 >8,

Discrepancy with the data % -6 -16 +4 -23

Reference runs
discrepancy with the data % +4 -13 +5 -23

.Celle of de 0.02 m
Predicted mass flow rate kg/s 18.9 11.8 5.1 i

Discrepancy with the data % -4 -17 -22 ,

!

SUPER-MOBY-DICK
,

,
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4 CANON BLOWDOWN EXPERIMENTS

|'
1.
1

4.1 Test Description

The CANON blowdown tests were conducted in the Service des Transferts
Thermiques of the Contre d' Etudes Nucl6aires de Grenoble (France), du-
ring the years 1975 through 1977 (Riegel and Mar 6chal, 1977).

!
.

4.1.1 Test Section

The test section CANON consists of an horizontal straight. pipe of !
0.1023 m inside diameter and 4.389 m lenght. This pipe is made of stain-
less steel NS-225 with 6 mm wall thickness. One end of_ the pipe' is
closed. A rupture disc assembly is installed at the other end. Inter-
changeable diaphragms upstream the rupture disc allow the break diameter
to be modified.

4.1.2 Measurements *

The mean void fraction over the entire section is measured at a loca-
tion 1.502 m from the closed end, by scattering of a neutron beam issued

from the Siloette research reactor in the CENG. For void fractions lower
~ '

than 0.8, measurements show a large dispersion, corresponding to bubble
or slug flow regime.

,

Absolute pressures are measured at different locations along the test
'-section. The uncertainty of the pressure measurements is evaluated to 50

kpa.

Temperatures are measured at the same locations as the pressures. |

4.1.3 Test Procedure '

The test section is heated and pressurized up to the desired initial
pressure and temperature. The rupture disc then breaks, and blowdown oc-
curs.

Temperature measurements show that a thermal stratification exists
before the blowdown. Radial temperature differences up to 10 K have been
observed. Af ter the break opening, the temperature stratification is in-
verted: it seems that saturated vapor gathers upward, whereas overheated
liquid fills the bottom of the pipe.

CANON

'
1
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4.1.4 Test Matrix

The CANON tests have been conducted at an initial pressure of 3.2 '

MPa, at three different initial temperatures (473, 493 and 503 K),- and
four-different break diameters (30, 50, 70 and 102.3 mm). Some test's we-

re conducted twice or more with the same initial conditions, which yiel-
ds to several experimental curves for specified conditions.- y

l
! The following tests were selected for TRAC simulation in the frame of

the ICAP: *

Test Da Break 0.1023 m (largest break),- T = 4'/3 K.
Test La Break 0.1023 m (largest break), T = 503 K.
Test Is Break 0.0300 m (smallest break), T = 503 K.

'
4.2 Input Model

Table-4.1 gives a typical input data deck used for the CANON simula-
tions. ;

>

-4.2.1 Components and Boundary Conditions

The test section is modelled with a PIPE couponent. A FILL component'
with FRIC = la10+20 simulates the closed end of the test section. A
BREAK component is used at the other end, wnere the pressure is imposed. i

P

4.2.2 Nodalisation
l'
'

The cell lengths are chosen to ensure that the pressure and void
fraction measurement locations correspond to the center a cell. Twen-
ty four cells are used, from 0.142 through 0.202 m (bre cell) with- a ,

"mean length of 0.183 m (fig. 4.1). The wall is modelled with four' nodes.

The break diameter is simply imposed as the hydraulic diameter at the
outlet edge of the last cell.

4.2.3 Initial Conditions
'

.The initial values imposed at each cell of the PIPE component are
staded hereafter: zero void fraction, experimental initial pressure and
temperature, velocities of la10-5 m/s.

The blowdown is initiated at time zero by setting the break pressure
to the value 0.1 MPa. The time step is free, with an initial value of 1
a10-4 s. Base case simulations are made using the choked flow model.

CANON

, fl ''
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4.3 code Predictions and Comparison with Data
-

4.3.1 Largest Break Tests

The blowdowns with a break corresponding to the pipe diameter are ve-
ry fast (about 1 s from the opening of the break until the atmospheric ;

pressure.is reached in the pipe). During the blowdown, the three pressu- L i

res P1, P2 and P3, measured in the closed end side of the pipe,'as well |
as the predicted ones at the same locations, take values very close each

-|one from the others.. Comparisons are then only made for pressures P1, P4 !

and PS (locations are shown on figure 4.1) and the void fraction. The ;

complete results are presented on figures 4.2 for test D and L. .|
I

The pressure reached at- the end of the initial abrupt pressure
,

decrease is overpredicted with a discrepancy of about 0.3 MPas boiling )
is beginning in the code as soon as the saturation pressure correspon- )

ding to the initial temperature is reached, whereas the experimental |
pressure decreases under the saturation pressure. The absence of a de- '

. layed boiling model is responsible for this discrepancy. Effects of the
initial temperature stratification, which canot be taken into account in i

the code, probably also occur. I

i

During the second stage of the blowdown (slower pressure decrease), |
the pressure is well predicted, except for the closed end side pressure !

Iof test L. The final pressure decrease (corresponding to void fraction
higher than 0.9) is anticipated by the code. |

The predicted and measured void-fractions in the closed end side are i

consistant with the pressures: the predicted void fraction is first j

Within the data scattering, and is overpredicted at the end of the t

blowdown.
i

4.3.2 Mlest Break

(; The blowdown transient with the smallest break is slower (about. 8 s ;

| for test I), and some liquid remains in the test section at the end of j

| the transient. All the pressures measured and predicted along the test j
section have very close values during the blowdown. Hence comparisons J

are only made for one pressure (P3) and the void fraction. The results )
are presented on figures 4.3 for test I.

. |
| The pressure is predicted within the experimental scattering during f
? the first part of the transient, as is the void fraction. After that, )

the pressure is overpredicted with a discrepancy up to 0.6 MPa, and the
,

void fraction is ';nderpredicted. I

:

CANON
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''



- . - - - -- --u---.,...-.. .

- SETh/LEML/80-138 67/136

4.4 Run Statistics
___ ____ ___. .

The runs were performed on a CRAY-XMP-2200 computer with TRAC-PF1/MS-
~

D1 version 14.3. The run statistics are presented on table 4.2, and 'fi-
gures 4.4 and 4.5 show the plot of the time step and CPU time versus
real time, for tests D, L and I.

4.5-Sensitivity studies

__ __ .. -

4.5.1 Nodalization

In the reference runs, the pipe is divided into 24 cells. Simulations
have also been performed with 13 cells (length 0.333 up to 0.342 m), and

.

with 39 cells (length 0.111 up to 0.114 m) for test 1 The results show
little nodalization sensitivity.

Another simulation is performed, with a fine mesh at the break (44
cells are used, from 0.001-m at the break up to 0.200 m at the closed
end). The results are not very different from the base case, but the ti-
me step is strongly reduced (fig. 4.6).

It seems that in case of a fine mesh at the break, the Courant stabi-

lity criterion becomes very limitative. This limitation was not found
with our first runs performed with TRAC-PF1/ MOD 1 version 13.0, but exis-
ts for the runs performed with version 14.0.

4.5.2 Natural Choking

The runs performed with natural choking lead to too fast blowdownr:
the pressures are underpredicted and the void fraction,is overpredicted
(fig. 4.7).

The simulations performed with natural choking with a fine mesh no-
ding lead to the same too fast blowdown, and to a time step decrease
(fig. 4.8).

The results show a large thermal desequilibrium at the break (about
40 K for test D), and a large slip ratio (larger than 2 for test D). On

the opposite, the results obtained with the choked flow model show no
thermal desequilibrium (as supposed by the model) and a smaller slip ra-
tio (about 1.5 for test D), and smaller velocities (for '.est D at time
0.2 s, VL=40 m/s with the choked flow model, and VL=150 m/= without it).

The lack of a virtual mass term for the natural choking (a virtc?1
mass term is included in the choked flow model) pt:bably takes a part in

CANON

- . . . ~ ..
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-the bad agreement between the data and the results obtained with natural
choking.

i

4.6 Summary and Conclusion

The simulation of three CANON blowdown tests (initial pressure 3.2 1

Mpa) was performed with TRAC-pF1/ MOD 1 version 14.3. The pipe is modelled !
with 24 cells from 0.142 through.0.202 m. A break smaller than the insi- |
de pipe diameter is simply modelled with an hydraulic diameter reduction j
at the outlet edge of the last cell. The choked flow model is used. j

!

For the tests with a break diameter equal to the pipe diameter (fast j

transients), the pressure at the end of the initial abrupt decrease is ;

somewhat overpredicted: possible explanations are the lack of a delayed _ j

boiling model in the code, and the' initial experimental temperature
stratification. The pressure during the intermediate stage is correctly
predicted, but the final pressure decrease is anticipated by the codet j

'
voidage of the test section is too fast.

For the test with a break diameter smaller than the pipe diameter,
the pressure i predicted within the experimental scattering during the
two first stages of the transient. The final pressure decrease is de- i

layed by the codes voidage is too slow.
'

Void fractions predictions are consistent with the pressure pre-
dictions: a void fraction overprediction corresponds to a pressure un-
derprediction.

The predictions are little sensitive to the nodalization. A Courant
stability criterion reduces sharply the time step in case of fine mesh
at the break. The simulations performed with natural choking lead to ve- ,

~!ry fast blowdowns, far from the data. The lack of a virtual mass term
"for the runs with natural choking probably takes a part in the bad pre-

diction of fast blowdown transients.

,

CANON
|
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Table 4.1 CANON, typical input data decke
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-Table 4.2: CANON, run statistics.

Test D L .I.

Real time a 1.0 1.0 8.2-

Time stop number 133 137 172

Hean time step 7.5*10-3 7.3e10-3 4 8e10-2
.

CPU time s 7.9 0.2 69

CPU time /real time 7.9 8.2 0.86

CPU time /(ce11* time step) 2.5 10-3 2.5 10-3 1.7*10-3

g. - .
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5 SUPER-CANON SLOWDOWN EXPERIMENTS

1

,,

i
i5.1 Test Description

-

I

fThe SUPER-CANON blowdown tests were conducted in the Service des
Transferts Thermiques of the Centre d' Etudes Nucleaires de ~renoble ]
(France), during the years 1970 and 1979 (Riegel, A979). !

The SUPER-CANON blowdown tests differ from the CANON blowdown tests
by the initial pressure (3.2 MPa for the CANON tests and 15 MPa for the
SUPER-CANON tests), and by some features in the test section.

:

5.1.1 Test Section

The test section SUPER-CANON consists of an horizontal straight pipe ,

of 0.1000 m inside diameter (0.1023 m for CANON) and 4.309 m length (sa-

me as for CANON). This pjpe is made of stainless steel NS-225 with 12.5
mm wall thickness (6 mm for CANON).

One end of the pipe is closed. A rupture disc assembly is installed
at the other end. Interchangeable diaphragms upstream the rupture disc
allow the break diameter to be modified.

5.1.2 Nessuremente

The measurements conducted are the same, and at the same locations,

as for the CANON tests. 1

!.
-

|

5.1.3 Test Procedure
.

The tests procedure is the same as for the CANON tests.

5.1.4 Test Matrix

The SUPER-CANON tests were conducted at an initial pressure of 15
MPa, at three different initial temperatures (553, 573 and 593 K), and '

four different break diameters (30, 50, 70 and 100 mm).

The following tests were selected for TRAC wimulation in the frame of
the ICAP: ;

Test P Break 0 100 m (largest break), T = 553 K. ;

ITest X: Break: 0.100 m (largest break), T = 593 K.
Test Q: Break 0.030 m (smallest break), T = 573 K.

t

SUPER-CANON

__ u
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5.h Input model
i

Table 5.1 gives a typical input data deck used for the SUPER-CANON
'

simulations. The same input model is used as for the CANON tests.
,

5.3 Code Predictions and Comparison with Data

1

5.3.1 Largest Break Tests

The blowdowns with a break corresponding to the pipe diameter are ve-
ry fast (about 0.3 s from the opening of the break until the atmospheric
pressure is obtained in the pipe). During the blowdown, the three pres-
sures pi, P2 and P3, measured in the closed end side of the pipe, as
well as the predicted ones at the same locations, take values very close
each one from the others. Comparisons are then only made for pressures
pi, p4 and p5 (their locations are shown on figure 4.1) and the void
fraction. The results are presented on figures 5.1 for tests P and X.

The pressure reached at the end of the initial abrupt pressure
decrease is overpredicted with a discrepancy up to 2 Mpa. Boiling is be-
ginning in the code as soon as the saturation pressure corresponding to
the initial temperature is reached, whereas the experimental pressure
decreases under the saturation pressure. The absence of a delayed boi-
ling model is responsible for this discrepancy. Effects of the initial
temperature stratification, which canot be taken into account in the
code, proba;2V also occur.

After some time, the predicted pressure takes a value close to the
experimental value, until the end of the blowdown. In the bottom side of

,

the pipe, the final pressure z.%:rease is anticipated.
' The void fraction is within the data scattering except when the' dis-

crepancy between the predicted and measured pressures are high.

5.3.2 Smallest Break

The blowdown transient with the smallest break is slower (about 4 s
for test Q), and some liquid remains in the test section at the cnd of
the transient. All the pressures measured and calculated along the test
section have very close values during the blowdown. Hence comparisons
are only made for one pressure (P3) and the void fraction. The results
aro presented on figures 5.2 for test Q.

The pressure reached at the end of the initial abrupt pressure
decrease is overpredicted, as for the other tests. The eticulated pres-
sure rapidly joins the experimental one, and the prodiction is good.

I

SUPER-CANON

i
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j The void fraction is well predicted except at the end of the tran-
nient, where it is underpredicted more liquid than measured is pre- ,

I

dicted to fill the pipe at the end of the transient.

5.4 Run statistica
|

The runs were performed on a CRAY-XMP-2200 computer with TRAC-PF1/MO- |

D1 version 14.3. The run statistics are presented on table 5.2, and fi-

gures 5.3 and 5.4 show the plots of the time step and CPU time versus
real time, for tests P, X and Q.'

5.5 Esasitivity studies

. __.

5.5.1 Nodalisation
!

In the reference runs, the pipe is divided into 24 cells. Simulations
have also been performed with 13 cells (length 0.333 up to C.342 m), and ,

with 39 ce13s (length 0.111 up to 0.114 m) for test P. The results show
little nodalization sensitivity (fig. 5.5).

Another si ulation is performed, with a fine mesh at the break (44
cells are used, from 0.001 m at the break up to 0.200 m at the closed
end). The results are not very different from the base case, but the ti-

me step is strongly reduced '*19 5.5). The observation concerning the

time step limitation made for the CANON tests with fine mesh (paragraph
4.5.1) is also valuable here.

1

5.5.2 Natural Choking

The reference runs use the code choked flow model. The simulations
performed with natural choking combined with a fine mesh at the break
lead to too fast blowdowns, and a time step decrease (fig. 5.6). The
discrepancy between the reference run (choked flow model) and the run
with natural choking is not large for test X, for which the break void
fraction more rapidly reaches a value close to 1 than for the other
tests. For test Q the break slip ratio at time i s is about 1.1 with the
choned flow model, and is about 4.2 with the natural choking. As for the
CANON tests, the lack of a virtual mass term for the runs with natural
cnoking probably takes a part in the bad prediction of fast blowdown
transients. ,

5 6 Summary and Conclusion
. _ _ _ _ _

The simulation of the SUPER-CANON blowdown tests P, X and Q (initial
pressure of 15 MPa) was performed with TRAC-PF1/ MOD 1 version 14.3. The

enero. canny

._.
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pipe is represented by 24 cells from 0.142 througn 0.200 m. Break smal-
1er than the inside pipe diameter is simply modelled by a hydraulic dia-
meter reduction at the outlet edge of the last cell. The choked flow no-
del is used.

The pressute at the end of the initial abrupt 'acrease 16 somewhat
overpredictedt possible explanations are the abse en of a delayed boi-
11ng nodel, and the initial experinental temperature stratification.

For the tests with a break diameter equal to the pipe diameter ('f ast
transients), the pressure is close to the experimental pressure, except
at the bottom of the pipe, where the final pressure decrease-is a'.itici-
pated.

For the test with a break diameter smaller than the pipe diameter,
the boiling inception pressure-is overpredicted, and the prediction is
good after the boiling inception.

Calculations are few sensitive to the nodalization. A Courant- stabi-
lity criterion reduces sharply the tine step in case of fine mesh at the
break.

The simulations performed without the choked flow model lead to very
fast blowdowns, far from the data. The lack of a virtual mass term for .!

the runs with natural choking probably takes a part in the bad pre-
diction of fast blowdown transients.

,

t

b

I

'
!

SUPER-CANON
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T& Die 5.14 $UPIDR-CANON, typical input data decke
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Toble 5.2: SUPER-CANCar, run statistica.
.

Test P X Q

Real time a 0.4 0.3 4.0

Time step ntaber 113 103 158

sean tima step 3 5e10-3 2.9810-3 2.So10-2

CPU time a 7.6 7.4 6.0

CPU taas/real time 19 28 1.7

CPU time /(calistine step) 2.te10-3 3.0e10-3 1.7e10-3

%

,

SUPER-CluKal
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8 VERTICAL-CANON BLOWDOWN EXPERIMENTS

6.1 Test Description

The VERTICAL-CANON blowdown tests were conducted in the Service des
Transferts Thermiques of the Centre d' Etudes Nue16aires de Grenoble
(France), during the year 1982 (Gully et Blanc, 1982).

6.1.1 test Section

The test section VERTICAL-CANON consists of a succession of five
vertical straight pipes, successively of 0.628S, 0.6063, 1.8183, 0.6063
and 0.0270 m length, and of 0.100, 0.103, 0.100, 0.103 and 0.100 m insi-
de diameter. The total length is 4.4830 m. The pipes with 0.103 m inside
diameter are the void fraction spool pieces. The pipes are made of
stainless steel 316L of 12.5 mm thickness. The test section is insu-
lated, except the void fraction spool pieces.

The bottom end of the test section is closed. The upper head is fol-
lowed by a converging nozzle of 7 degrees and 0.098 m length. The jun-
ction of the pipe with the nozzle is a toric piece with a radius de pen-
ding on the break diameter. The nozzle is followed by a strajght pipe of
4 mm length and the desired break inside diameter, and by the rupture
disc.

6.1.2 Naasurements

Absolute pressures are measured at the bottom and at the break, with
an accuracy of 1 %. Seven pressure taps along the test section give
pressure differences. The measurement error is evaluated to 2 %.

The fluid temperature is measured at the bottom and at the top of the
test section by chromel-alumel thermocouples, with an uncertainty eva-

luated to i K.

The diametral mean void fraction is measured at two locations, by a

gamma ray attenuation technique.

6.1.3 Test Procedure

The test section is heated and pressurized up to the desired initial
pressure and temperature. The rupture disc then breaks, and blowdown oc-
curs.

VERTICAL-CANON
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6.1.4 feet Matrix

Eighteen CANON VERTICAL tests have been performed, with initial pres-
sures from 5.5 up to 15 YPa, initial temperatures from 500 up to 590 K
and break diameters of 3, 5, 7 and 15 mm.

The following tests were selected for TRAC simulation in the frame of
the ICAP:
Test 9: break: 10 mm, P = 13 MPa, T = 574 K.
Test 22: break 5 mm, P = 6 MPa, T = 505 K.
Test 24: break 5 mm, P = 13 MPa, T = 573 K.

6.2 Input Model

9

Table 7.1 gives a typical input data deck used for the VERTICAL-CANON
simulations.

6.2.1 Ckgponente and Boundary Conditions

The test section is modelled with a PIPE component. A FILL component -

with FRIC = 1*10+20 simulates the closed end of the test section. -A
BREAK component is used at the other end, where the pressure is imposed.

6.2.2 Nooalisation

The cell lengths are chosen to ensure that the pressure and void
fraction measurement locations correspond to the center of a cell. Forty
two cells are used, with a minimum length of 0.061 m and a maximum en-
9th of 0.170 m (fig. 6.1). The converging nozzle is modelled with oh,

cell (0.098 m length). '

The wall is modelled with four nodes.

6.2.3 Initial Conditions

The initial conditions imposed at each cell of the PIPE component are
staded hereafter: zero void fraction, experimental initial temperature,
initial pressures (the hydrostatic pressure distribution is evaluated in
order to obtain a correct initialization of the pressure differences),
velocities of 1.10-5 m/s.

The blowdown is initiated at time raro by setting the break pressure
to 0.1 MPa. The time step is free, with an initial value of 1*10-3 s.
The reference runs are performed with the choked flow model.

VERTICAL-CANON
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6.3 code Predictions and Comparison with Data
-. --

t

Pressure p0 at the bottom of the pipe is calculated through extrapo-
lation from the predicted pressures of the two first cells. The complete
results are presented on figures 6.2.

6.3.1 Pressure
'

The pressure decrease at the bottom of the test section is well pre-
dicted by the code for the three tests. At the end of the initial abrupt

*

pressure decrease, the pressure is slightly overpredicted (from 0.1
through 0.4 MPa). During the slow pressure decrease, the discrepancy
between the predicted and measured pressures is less than 0.4 Mpa.

6.3.2 Void Praction

The void fractions predicted by the code show two types of oscilla-
tions little amplitude oscillations (lower than 0 1) when the void
fraction is within the interval 0.3-0.4 (tests 22 and 24, with 5 mm
break diameter), and large amplitude oscillations (0.5-0.9) beginning at
a void fraction of about 0.65 (test 9, with 10 mm break diameter).

6.3.2.1 M rge rF,111ations

|
For tests 22 and 24, the void fraction in the bottom part of the test

section (under the liquid levei) is always lower than 0.5, whereas the

cells located above the liquid level have a void fraction close to 1.

For these two tests, no cell has a void fraction between 0.6 and 0.7 mo-
re than a few time steps, and that is why large oscillations do not ap-
pear.

On the other hand, the void fraction of the bottom cells for test 9
rapidly increases to values of about 0.6-0.7. For these values of the
void fraction, the interfacial shear stress coefficient decreases shar-
ply when the pressure is low. It corresponds to tne transition between
bubb1 ''ug flow and annular flow. Figure 6.3 shows the interfacial
shaai sess coefficient versus the void fraction, for. conditions cor-
respo... .ng to test 9 when oscillations exist.

The mechanism of the oscillations is the followings a high void
fraction beeing reached, the interfacial shear stress decreases sharply;
then the liquid is no more entrained by the vaport then the void
fraction is reduced and the interfacial shear stress consequently in-
creases. Liquid is then entrained again, and the votd fraction becomes
high again. The cycle goes on, until all the liquid is evaporated (due
to the wall heating). The explicit calculation of the interfacial shear

VERTICAL-CANON
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stress coefficient also takes a part in the existence of the oscilla-
tions.

Figures 6.2a and 6.2b show that the large oscillations appear when
the pressure is sufficiently low (about 0.3 MPa). The interfacial shear
stress coefficient variation, between void fractions 0.50 and 0.75, in-
creases when pressure decreaces (fig. 6.4). The large oscillations no-
ding sensitivity is studied in paragraph 6.5.1.

6.3.2.2 Law Oscillations

For tests 22 and 24, the esci11ations are muen more low and corres-
pond to void fractions between 0.3 and 0.4. In this region the interfa-
cial snear stress sharply decreases, for sufficiently large liquid and
vapor velocity differences (more slugs than bubbles in the flow). Figure
6.5 shows the interfacial shear stress coefficient versus the void
fraction, for conditions corresponding to tests 22 and 24 when oscilla-
tions exist.

6.3.2.3 Comparison with Data

Disregarding the oscillations, the void frketions predictions are ve-
ry good for tests 9 and 22. For test 24 the void fraction is underpre-
dicted at the end of the transients the simulation does not predict the
passage of the liquid level at the bottom void fraction measurement lo-
cation, whereas data do.

6.3.3 Pressure Differences

The pressure differences predictions are consistent with the void
fractions predictions: disregarding the oscillations, the pressure dif- i

forences are correctly predicted for tosts 9 and 24. The pressure diffe-
rences are first high (mainly liquid), and at the end of the tr1nsient,
the differences are very low (mainly vapor). For test 24 the pressure
differsnces in the bottom of the pipt Lre overpredicted at the end of
the transient.

6.4 Run Statistics

The runs were performed on a CRAY-XMP-220n computer with TRAC-PF1/MO-
D1 version 14.3. The run statistics are shown on table 6.2, and figures
6.6 and 6.7 show the plots of the time step and CPU time versus real
time, for tests 9, 22 and 24.

I
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_
6.5 Bensitivity studios

5 6.5.1 No6alisation

In the reference runs, the pipe is divided into 42 cells. Simulations
have also been performed with 27 and 15 cells, the last cell being lar-
ger than the converging nozzle (respectively 0.171 and 0.260 m). The re-

_

sults show little nodalization sensitivity concerning the global re-
sults. However, the reduction of the cell number leads to a reduction of j

the low and particularly of the large oscillations (fig. 6.8). !
.
.

Another simulation is performed, with a fine mesh at the break (59
L cells are used, with the break cell of 0.004 m length). Pesults are not ;

very different from the base case, but the time step is sharply reduced !

(fig. 6.9). Pressure PB at the break is calculated in this runt it ise

overpredicted when boiling beginns, and underpredicted sin:e about time
= 60 m.
..

It seems that in case of a fine mesh at the break, the :ourant stabi-
lity criterion becomes very 11mitative. This limitation nas not found
with our first runs performed with TRAC-PF1/ MOD 1 version .3.0, but exis-

- ts for the runs performed with version 14.0. This time Jimit criterion '

is calculated in subroutine TF1DS1, line TF1DS1.790. Ver sion L3.0 gives
-- typically for the time step limit DELVKX 5.85 s (test 22, t = 50 s), and

version 14.3 gives 5.75a10-3 s. The value of parameter CSF1D is 1*10+6
in version 13.0, and is 1*10+3 in version 14.0 and 14.3, hence the value
of DELVKX is reduced by a factor 1*10+3.

:_..

6.5.2 Batural Choking
--

The simulations performed with natural choking lead to too fast
blowdownst pressures are underpredicted, and void fractions overpre-

-,
dicted (fig. 6.10).

The simulations performed with natural choking and a fine noding at
' the break yield a too fast blowdown, aowever less fast than in the pre-

vious simulation, with a reduced tir.e step (figures 6.10). The discre-
pancy between the results obtained with natural choking and with the
choked flow model is less large t'aan for the CANON or SUPER-CANON tests,
probably because a single phase vapor flow regime is rapidly obtained at

-- the break for the VERTICAL-CANf,N tests.

-

VERTICAL-CANON
__

__. .. . . .. . ..
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6.6 Summary and Cn.~,19elon

The simulation of three VERTICAL-CANON blowdown tests was performed
with TRAC-PT1/ MOD 1 versien 24.3. The test section is modelled witt. 42
cells with a length from 0.061 through 0 170 m. The converging nozzle is
modelled by one cell. The choked flow model is used.

The pressure at the boiling inception are sligthly overpredicted.

The predictions (pressure, void fraction, pressure drops) for the
test Nith a 10 mm break diameter are in good agreement with the data,
despite large void fraction oscillations, imputed to the sharp decrease
of the interfacial shear stress in the transition zone between the bub-
ble-slug flow regime and the annular flow regime at low pressure, asso-
ciated with the explicit calculation of the interfacial shear stress
coefficient.

The predictions for the testn with a 5 mm break diameter are in good
agreem6nt with the data, except a too slow decrease of the liquid level
for the test at 13 MPa. For these tests, low amplitude oscillations
exist, corresponding to the sharp interfacial shear stress decrease in
the transition zone between bubble and slug flow.

Predictions are few sensitive to the nodalization. The use of large
cells reduces the void fraction oscillations. A Courant stability crite-
rion reduces sharply the time step in case of fine mesh at the break.
This limitation is not found when the version 13.0 of TRAC is used, whe-
re the parameter CSF1D in subroutine TF1DS1 had a value la10+6 'natead
of 1*10+3 in version 14.3.

.

The blowdowns predicted with natural choking are too fast, however |
with discrepancies less large than for the CANON and SUPER-CANON tests,
for which a two phase flow regime exists at the break during a large
part of the transient, unlike the VERTICAL-CANON tests.

i

!

VERTICAL-CANON
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Table 6.2 VElff! CAL-Call 0W, run statistics.
|

Test 9 22 24

IReal time s 120 400 400
C

Time step number 3939 4360 4901

Ilean time step 0.030 0.092 0.082

CPU time s 186 225 239

CPU time /real time 1.55 0.56 0.60
i

CPU tias/(cell. time step) 1.1*10-3 1.2*10-3 1.2*10-3

,

1

|

.

varnCAL-canow
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7 MARVIKEN BLOWDOWN EXPERIMENT 8

7.1 Test Description

i

The MARVIKEN critical flow tests were conducted between mid-1977 and i

december 1979 as a multinational project at the Marviken power Sation in .;
Sweden (Marviken,1982a).

7.1.1 Test Facility

The four major components of the facility are a vessel, originally
designed to be the nuclear power plant vessel, a discharpe pipe , con- |
nected at the bottom of the vessel, a test nozzl9 with the minimum flow q

area in the system, and a rupture disk assembly (Marviken, 1982b).
1

The total height of the vessel is 24.55 m. The vessel diameter is

5.22 m, and the diameter of the tcp cupola is 1.5 m. The total volume of
the vessel is 421.147 m3. Some initial components of the vessel are in-
cluded in the vessel (core superstructure, moderator tank), and three
gratings were installed to eliminate vortex formation. A schematic of
the vessel is shown on figure 7 la.

The discharge pipe is made up of a streamlined inlet, a connection
piece, instrumentation ring 1, the upstream pipe spool, instrumentation
ring 2, the ball valve and the downstream pipe spool. The total length
of the discharge pipe is 6.308 m, with 0.740 m inside the vessel. The
diameter is 0.752 m throughout most of the pipe.

| The nozzle consists of a rounded inlet, with a radius of curvature
equal to the nozzle radius, followed tangentially by a cylindrical

,

section. The dimensions of the nozzle depend on the test. The nozzle
outlet is equipped with an assembly containing two rupture discs. A
schematic of the discharge pipe, the nozzle and the rupture discs is
shown on figure 7.lb.

7.1.2 Measurements

The Marviken reports give detailed informations concerning the measu-
rements and the data accuracy (Farviken, 1982a and 1982c).

The pressure is measured with pressure transducers of the strain gau-
ge type, located at the top and at the bottom of the vessel, at the ins-
trumentation rings of the discharge pipe, and at the inlet and outlet of
the nozzle. The maximum error (evaluated from the accuracy specifica-
tions released by the manufacturers of the apparatuses) is 90 kPa, and
th* probable error (obtained by a statistical analysis of the spread of

MAFVTVFN~
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data from groups of data channels which measured the same quantity) is
9 kPa.

The mean eensity over a diameter and two chords is measured by a gam-
ma densitometer, upstream the second instrumentation ring of the dis-
charge pipe. The probable error it 50 kg/m3.

The temperature is measured by chromel-alumel thermocouples, at dif-
forent locations along the vessel and the discharge pipe. The maximum
error is 2 K, and the probable error is 0.6 K.

The pressure differences measured between the wall and Pitot tubes
located in the discharge pipe are used to obtain the mass flux profile
in the pipe. This profile, together with the measured density, gives the
mass flow rate throughout the tests. The error concerning the mass flow
rate depends on the flow conditions (subcooling or saturation) and on
the nozzle diameter. For subcooling conditions and a diameter of 0.300
m, the error is 5 %. For a diameter of 0.500 m, the error is 3 %. The |

mass flow rate is alsp evaluated from the axial differential pressures, !but the ac,quracy is less good. )

7.1.3 Test Procedure

The first step in the test preparation is to fill the vessel with
deionized water until the specified elevation. The water is heated by
circulating from the botton, of the vessel through an external electric
heater and re-introducing it into the vessel steam dome. A water circu-
lation in the discharge pipe is also organized.

The transient beginns at time zero at the rupture of the discs, and
is achieved when the ball valve is closed, or if there is no more 11guld
in the vessel.

7.1.4 Test Matrix

Twenty-seven tests were conducted, with nozzle diameters of 0.200,
0.300 and 0.500 in, nozzle length to diameter ratios of 0.3 through 3.6,
and initial subcooling up to 50 K.

The following tests were selected for TRAC simulation in the frame of
the ICAP (D is the nozzle diameter, L is the nozzle cylindrical length,

l and DT is the initial subcooling):
1

Test 6: D = 0.3 m, L/D = 1.0, DT = 30 K.
Test 17: D = 0.3 m, L/D = 3.7, DT = 30 K.

| Test 24: D = 0.5 m, L/D = 0.3, DT = 30 K.

1

|

| 7.2 Input Model

Tables 7.1 give typical input data decks used for the MARVIKEN ;imu-
lations.

MARV! KEN
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7.2.1 Components and Boundary Conditions ;

*,

The vessel is modelled with a PIPE component, and the discharge pipe i

together with the nozzle by a second PIPE component. The closed end of
the vessel is modelled with a FILL component with zero velocities. The
break is modello/: *#N a BREAK component, where the pressure is imposed.

7.2.2 Boos 11aation

The PIPE component modelling the vessel is divided into 15 cells,
with a minimum length of 0.7 m, and a maximum of 2.3 m. The discharge
pipe is modelled with 10 cel'.s (length 0.39 through 0.74 m). The nozzle !

(including the rounded inlet) is modelled with 2 or 3 cells depending on
the test (test 6 etil length of 0.15 and 0.29 m, test 17: 0.42, 0.43
and 0.43 m, test 24: 0.22 and 0.17 m).

7.2.3 Initint Conditions

The initial conditions imposed in each cell of the PIPE components
are stated hereafter. The pressure is the hydrostatic pressure calcula-
ted from the pressure at the top of the vessel. The liquid temperature
profile is the experimental profile. The vapor temperature is the satu-
ration totperature corresponding to the pressure at the top of the
vessel. The void fraction is 1 for the cells located above tne initial
level, and 0 for the cells located under. For the cell including the
level, the void fraction is calculated from the level position. The ini-

tial velocities are 1*10-5 m/s.
'

The blowdown is initiated a+ time zero by setting the break pressure
to the value 0.1 MPa. The time step is free, with an initial vclue of 1
a10-2 s. Base case simulations are performed with the enoked flow modal.

7.3 Code Predictions and Comparisons with Da'a ;

.____________ _ ______ _

p

7.3.1 Tests 17 and 24

The initial pressure trough is not predicted by the code, due to the
absence of a delayed boiling model. The pressure is then underpredicted,
with a maximum difference with data of about 0.2 MPa, and is overpre-
dicted at the end of the transAent.

The mass flow rate is underpredicted with a difference with the data
of about 20 % for test 17, and about 30 % for test 24. The simulation
with the choked flow model (homogeneous aodel) is more convenient for
test 17 with a long nozzle, than for test 24 with probably a more large
thermal desequilibrium.

The predicted temperature in the discharge pipe is in good agreement
with the data at the beginning of the transient. From 50 s for test 17,

and from 30 s for test 24, the temperature becomes slightly overpre-

KARVIKEN
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dicted, when it has reached the saturation value, and corresponds to the
overestimation of the pressure.

The results of tests 17 and 24 are presented on figures 7.2.

7.3.2 Test 6

Test 6 is analysed apart from tre other, because it was performed in
experimental conditions less good than the other tests: changes were ma-
de after test 14 in the internal devices of the vessel, the rupture dis-
es gecaetry, and the test procedures. The initial temperature profile iw
questiona.ble, and radial temperature differences as high as 8 K are mea-
sured in the discharge pipe during the transient, whereat temperatures
differences lower than the data accuracy are measured for tests 17 and
24.

The censity used for the evaluaticn of the experinental mass flow ra-
te is the liquid density until time 39 s, and after this time it is a
tre phase density deduced from pressute difference measurements in the
discharge pipe. The discrepancy at time 39 a is caused by the use of
these two methods, and is probably not a real maes flow rate discre-
pancy.

The pressure predictions are similar to the other tests. The mass
flow rate is underpredicted with a difference with the data of about 25
% in the period of single phase flow in the discharge pipe. The tempera-
ture in the discharge pipe is underpredicted from the beginning of the
blowdown, whereas it was in good agreement with the data for the other
tests. This confirms the dubious test conditions of test 5, especially
concerning the initial temporature profile.

The results of test 6 are presented on figures 7.3.

7.4 Run Statistics
___ _

The runs were performed on a CRAY-XMp-2200 computer with TRAC-PF1/MO-
D1 version 14.3. The run statistics are shown on table 7.2, and' figures
7.4 and 7.5 show the plots of the time step and CPU time versus real ti-
me for tests 6, 17 and 24.

7.5 Sensitivity Studies

--- _____

7.5.1 Wozzle Alone

- As the pressure and temperature conditions are measured during the-

L transient at the nozzle entrance, it is possible to simulate the MARVI-
KEN tests 'without the vessel. The measured pressure and temperature con-
ditions at 0.675 m upstream the nozzle inlet are imposed in a BREAK com-

1

MARVIKEN
'
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ponent, and also the void fraction. During the period of two phase flow
in the nozzle, the experirental void fraction at this location is not
known, hence only the initial period of the transient, with single phase
in the discharge pipe is simulated with nozzle alone.

I
For test 17, the perdicted mass flow rate discrepancy with the data 1

is about -10 %, whereas it was about -20 % for the reference run. For
test 24, the two runs differ only from the time where the pressure is
underpredicted in the reference run. For test 6, the discrepancy is
-35 % whereas the reference was -25 %, and this difference comes from
the ur.derprediction of the discharge pipe temperature for the reference
run. |

The results of the runs with nozzle alone, and the comparison with
the reference runs are presented on figures 7 6.

7.5.2 Nodalisation i

The simulation of test 24 was performed with a fine mesh at the i

break. The nozzle was modelled with 6 cells (0.125, 0.100, 0.066, 0.050, i

0.030 and 0.020 m) instead of 2. The results show little variations with
regard to the reference run, but the time steps are divided into 3 or 4 )
(fig. 7.7). I

7.5.3 Natural Choking

7.5.3.1 Referenos Neshine ;

1

The simulation of test 24 was p$rformed with natural choking. The

| predicted blowdown is somewhat fastir than for the reference run, and
| the mass flow rate is underpredictea by only about 14 % instead of 30 %

(fig. 7.8).

7.5.3.2 Fine Nesh

The simulation of tests 17 and 24 was performed with natural choking
and with a fine mesh at the break. The results are the same as the refe-
tence for test 17, whereas the mass flow rate discrepancy is -24 % ins-
tead of -30 % for test 24 (fig. 7.9).

These differences are attributed to the predominance of interphase
desequilibrium effects caused by the short nozzle length for test 24.
The choked f. low model does not take into account the thermal desequi-
librium phetacona.

.

KARVIKEN
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7.6 Summary and Conclusions

The simulation of three KARVIKEN blowdown tests was performed with
the code TRAC-ppl/ MOD 1 version 14.3. The vessel is modelled with 15
cells, the discharge pipe with 10 cells, and the nozzle with 2 or 3
cells.

The initial pressure undershoot is not predicted, due to the absence
of a delayed boiling model. The mass flow rates are uncerpredicted with
discrepancies of 20 % for test 17 with long nozzle, and of 25 % (test
17) and 30 % (test 6, initial' temperature profile questionaDle) for the
tests with short nozz'es, where the interphase thermal desequilibrium
phenomena are probably more considerable.

The runs performed with a simulation of the nozzle alone dif fer from
the reference runs when the conditions predicted by the reference runs
upstream the nozzle are in desagreement with the data. The mass flow ra-
tes with the nozzle alone are underpredicted with a discrepancy of 10 %
for test 17 with long nozzle, and of 30 and 35 % for the tests with
short nozzles.

The run performed with a fine mesh at the break gives similar results
as the reference run, with a reduced time step (test 24).

The runs performed with a fine mesh at the break and natural choking
give similar result * as the reference for test 17 with a long nozzle,
and a mass flow rate larger than the reference run (discrepancy of -24 %

instead of -30 %) for test 24 with a short nozzle. The absenr9 af ther-
mal desequilibrium for test 17 leads to equivalent resulti aith and
without the choked flow model.'por test 24, a better agreem';r is found

when the thermal desequilibrium is taken into account.

-MARVIKEN
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Table 7.2: MARVIKEN, run statistics.

Test 6 17 24
,

Real time s 101 100 80

Time step number 160 143 211

Mean time step 0 63 0 70 0.38

CPU time s 7.1 7.8 10.2

CPU time /real time 0.07 0.08 0.13

CPU time /(cell. time step) 1.6a10-3 1.9a10-3 1.8*10-3 j

.

h

b

i

NARVIKEN
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8 OMEGA-TUBE BLOWDOWN EXPERIMENT 8

0.1 Test Description

._ .

The OMEGA-TUBE blowdown tests were conducted in the Service des Tran-
sferts Thermiques of the Centre d' Etudes Nuc16aires de Grenoble
(France), during the year 1978 (Juhel, 1980).

8.1.1 Test Section

The test section OMEGA-TUBE consists of a straight vertical electri-
cally heated pipe, connected upwstream and downstream to capacities
(fig. 8.1). The connection pipes support spool pieces.

The heated tube simulates a reactor core subchannel. It consists of
an insulated tube made of inconel 600, with 12 mm inside diameter, 2.14

mm thickness and 3.657 m length. The capacities simulate the primary
circuit volumes. They are cylindrical, with a converging nozzle at one
end, leading to the break. The capacities are connected to the main cir-
cuit of the loop through flenible pipes and quick closing valves.

8.1.2 Measurements

The procedure of the measurements is complex, and many corrections
are added to the primary measurements. Few indications concerning the
uncertainties are given in the experiment report.

The pressure is measured at different locations along the test
section. The uncertainty is 2 %.

The fluid tesperature is measured at different locations along the
test section, by chromel-alumel thermocouples. The temperature error is
2 K. The indications given by the fluid temperature thermocouples may be
erroneous: if droplets are traped by the thermocouples, a single phase
vapor flow may not be detected.

The wall temperature is measured at different locations along the
heated tube by 50 chromel-alumel thermocouples brazed on the outer wall
of the heated tube.

The mean void fraction, along a diameter and along a chord is measu-
red upstream and downstream the heated pipe, by a gamma rays attenuation
technique.

The mass flow rates are measured by symetrical venturis and by
flowmeters located upstream and downstream the heated pipe. The measure-

OMEGA-TUBE
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ments by the flowmeters are more accurate than the venturi measurements,
but probably overpredicted at the end of the slow transier.ts. The mass
flow rates in the connection p.res are measured by venturis located near
the quick closing valves.

The power dissipated in the heated pipe is calculated from amperage
and voltage measurements.

8.1.3 Test Procedure

The test procedure beginns with the establishment of a steady state
vertical upflow. When the nominal conditions are reached, the system is
vented to the atmospheric pressure by bursting the breat(s) rupture
discs. Valves insulating the test section from the loop are closed af ter

the opening of the break (s). The closure of the two valves is not simul-
taneous. The electric power decay is programed versus time. In addition,

the power is cut off when one wall thermocouple reaches a chosen thres-
hold.

8.1.4 Test Natrix

Twenty-six OMEGA-TUBE tests were performed, with the initial flow
conditions stated hereafter: the pressure is 16 MPa (except one test
with 11 and one test with 13 MPA), the inlet temperature is 558 K and
the mass flow rates is 0.4 through 0.6 kg/s. Three wall heat flux (0.0,

0.6 and 1.25 Mw/m2), three break area (7.5, 15, 30 and 50 mm2) and three

break positions (bettom break, top break and double break) are used.

The following tests were selected for TRAC simulation in the frame of

the ICAP:
Test 3: bottom break ( 50 mm2 ), Fi=0.0 Mw/m2, P=13 MPa, Q=0.5 kg/s.
Test 6: top break ( 50 mm2 ), Fi=1.25 Mw/m2, P=16 MPa, Q=0.5 kg/s.
Test 8: double break (30 mm2), Fi=1.25 Mw/m2, P=16 MPa, Q=0.5 kg/s.
Test 9: double break (30 mm2), Fi=0.0 Mw/m2, P=16 MPa, Q=0.6 kg/s.
Test 29 bottom break (7.5 mm2), Fi=0.60 Mw/m2, P=16 MPa, Q=0.4 kg/s.
Test 30: double break (7.5 mm2 ), Fi=0.60 Mw/m2, P=16 MPa, Q=0.4 kg/s.

9.2 Input Model

Table 8.2 gives typical input data decks used for OMEGA-TUBE simula-
tions with TRAC.

8.2.1 components and Boundary conditions

The test section is modelled with a combination of eleven components
(fig. 8.2). The capacities and connections are modelled wit' . TEE. The
spool pieces, expansion joint, transition pieces and heated , se are mo-
delled with five successive PIPE components, each with a different wall
thickness.

OKEGA-TUBE
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The entrance and exit of the initial steady state flow are modelled
with a FILL component, where the nass flow rate is imposed. The breaks
are modelled with a BREAK component when the break open s , and with a
FILL component when the Dreat remains closed.

9.2.2 Nodalisation

The measurement locations correspond to the center of a cell (pres-
sure, temperature, vold f raction), or to the edge of a cell (mass flow
rate). Exception is made f or the pressure and t emperat ure measurements
at the entrance and exit of the heated pipe (the dif f erence between the

measurement location and the cell center is about 3 cm). The nodaliza-
tion of the heated tube used for tests 29 and 30 slightly differs from
the nodalization used for the other tests, because the significant wall
temperatures are not located at the same positions. The area variations
along the tett section ( spool pieces ) are taken into account in the cell
volume evaluation.

The heated length is mode: led with 20 cells, and the whole test
section with 63 or 67 cells, depending on the test. Two nodalizations of
the capacities are used: a coarse mesh with 3 cells, and a fine mesh
with 7 Cells (fig. 8.3). The better noda11tation is used for each test
to ensure a realistic blowdown of the capacities. The sensitivity to tne
nodalization of the capacities is studied in paragraph 8.5.1

The wall of each PIPE and TEE is modelled with 4 nodes.

8.2.3 Friction Factor
'

The standard option is used for all components, except for the expan-
sion joint, where the experimental value is used ( NFF=0 and FRIO=0.05 ) .

8.2.4 Steady State Flow

The simulation of each test is performed with two successive runs. A
first run gives the initial steady state regime (option STDYST=1). The
experimental mass flow rate is imposed at the two connections, bottom
inflow, and top outflow. The inlet temperature is imposed at the bottom
junction. The pressure is imposed at the break location for single break
tests. For double break tests, a slight overpressure (0.2 MPa) is impo-
sed at the bc- m break, in order to avoid liquid losses through the
bottom break. .e experimental pressure is imposed at the top break.

The initia; values imposec at each cell are the following: velocities
of 3 m/s, experimental pressure, inlet temperature f or the heated tube
and the bottom components, outlet temperature for the top corrone nt s .
The time step is f ree, with an initial value of 1*10-2 s.

When the steady state is reached, the results are dumped to be used
as the initial state for the blowdown simulation. The steady state is
reached within about 100 time steps (about 9 s cpu) for the tests with
heated wall.

OMEGA-TUBE
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8.2.5 Blowoown

The second run simulates the blowdown. The simulation begins at the
experimental time zero. Breaks are opening at time 2.55 or 2.60 s e not
always simultaneously in case of double break. In the model, the imposed
pressure decreases from the initial value to 0.1 Mpa within 0.003 s. The
experimental mass flux at the con *ections and the experimental power
dissipated in the heated tube are imposed versus time.

The initial time step is 1*10-3 s. The time step is bounded upwards
within specified periods, in order that the breaks opening, valves clo-
sure and power cut of f correspond to the experimental times. The choked
flow model is used.

8.3 Code Predictions and Comparison with Data

The comparisons between the predictions and the data are made for the
following parameters: pressure p9 at the bottem of the heated tube, mass
flow rates and void fractions at the top and bottom of the heated tube,
fluid temperatures TF4 and TFS at the top and bottom of the heated tube
and wall temperatures at dif f erent locations along the heated tube.

8.3.1 Tests with Botton Break

The tests with bottom break are characterized by a mass flow rate
which reverses towards the break as soon as the break opens.

,

8.3.1.1 Test 3

Test 3 is performed without heat flux. The fine mesh is used to model
the top capacity, and the coarse mesh for the bottom one. The results
are presented on figures 8.4.

The pressure at the beginning of the boiling is overpredicted with a
discrepancy of 0.2 MPa, and the final pressure decrease is anticipated.
The oscillations after the sharp decrease of the pressure correspond to
the period between the opening of the break and the closure of the
valves. The beginning of boiling is predicted too early, and hence the
short period of zero mass flow rate (3.5 - 4 s) is not predicted. The
blowdown of the top capacity is well predicted. The bottom temperature
oscillations correspond to oscillations of the heat transfert coeffi-
cient between transition and vapor single phase flow regime.

6.3.1.2 Test 29

Test 29 is performed with the smallest break area and a heat flux cut
off at time 31.5 s. The coarse mesh is used to model the two capacities.

The results are presented on figures 0.5.

p - .
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The boiling inception pressure is over predicted and the final pressu-
re decrease anticipated. During the first stage of the blowdown, the
mass flow rates and void f ractions are well predicted. From time 12 s,

the mass flow rates and the top void fraccion are overpredicted: the
predicted blowdown of the top capacity is too f ast. The final transition
to vapor single phase is anticipated.

The boiling crisis is well predicted 3.n the bottom part of the heated
tube. The final wall temperature increase is anticipated, due to the too
fast voidage of the top capacity, and the boiling crisis is predicted in
the top region, whereas the measurements show little wall temperature
increases. After the power cut off, the predicted wall temperatures
decrease very slowly because the blowdown is quite ended, and the velo-
cities are low. The predicted maximum wall temperature is 1150 K, compa-
red to 940 K for the data.

9.3.2 Test 6 with Top Creak

Test 6 with top breat is characterized by a mass flow rate whier re-
mains upwards. The power le cut off at time 9 s. The bottom capacity is
modelled with the fine mesh, and the top one with the coarse mesh.

The boiling inception pressure is overpredicted and the final pressu-
re decrease anticipated. The two slope ruptures correspond to the in-
ception of boiling in the hot top capacity first, and in the cold bottom
capacity secondly. During the first period of the blowdown, the mass
flow rates and void fractions are well predicted. After time 6 s, the
predicted bottom flow rate increase is too late, and the void fraction
is underpredicted. The voidage of the Dottom capacity is somewhat too
fast.

The wall temperatures are well predicted in the top region of the
heated tube, with a too fast decrease after the power cut off, which
corresponds to an overprediction of the mass flow rate. The maximum wall
temperature is 840 K for the code, and 835 K for the data. In the bottom

region , a Do111ng crisis is predicted at time 5.5 s, whereas the data
indicate no temperature increase. The Biasi critical heat flux correla-
tion used by TRAC is not suitable for the low qualities that exist in
the bottom part of the tube.

9.3.3 Tests with Double Break

The tests with double break are characterized by a mass flow rate
which reverses during the transient, depending on the position of the
stagnation point. The two capacities are modelled with the coarse mesh.

9.3.3.1 Test 9

Test 9 is performed without heat flux, with the same area for the two

breaks. The results are presented on figures 0.7.
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.The pressure is slightly overpredicted. The position of the~ stagna--
tion point compares poorly with the data. It is predicted in the- middle
part of tha test section at the beginning of boiling, whereas data'indi-
cate its location in -the bottom capacity. Later at time 9 s, the down-
wards flow of liquid from the top capacity is not predicted by the code.
The predicted bottom void fraction evolution is much more regular than
indicated by the data. For this test, the model used for the capacities
is not satisfactory.

8.3.3.2 Test 8

Test 8 differs from test 9 only by the existence of a heat flux,
which is cut off hetween 6 and 7 s. The results are presented on figures
8.8.

The boiling inception pressure is overpredicted with a discrepancy of
0.5 MPa. The pressure is then underpredicted, and overpredicted at the
end of the transient. The mass flow rates and void fractions -are well
predicted, as is the blowdown of the two capacities. The fluid tempera-
ture increases are anticipated by the code. The oscillations at the end
of the blowdown correspond to intermittent liquid flow from the top ca-
pacity.

The boiling crisis is predicted since boiling beginns, and the wall
temperatures are overpredicted. The maximum wall temperature as seen by
the code is 810 K, and is 780 K in the data. .The- anticipation of the
boiling crisis is caused by the use of the Biasi' CHF correlation, the
mass flow rate range of wuich beeing limited to 6*10+3 kg/m2*s, whereas
the predicted mass flow rate is 10a10+3 kg/m2as. The critical heat flux
given-bv the correlation decreases for increasing mass flow rates, hence
for large mass flow rates too low-heat flux are obtained, and a too ear--
ly boiling crisis.

8.3.3.3 Test 30

Test 30 is performed with two breaks with the smallest area, and a
'let flux cut off at time 13.5 s. The results are presented on figures
8.9.

The boiling inception pressure is overpredicted with a discrepancy of
,,

0.6 Mpa. The pressure is underpredicted at the end of the transient. The
increase of the bottom void fraction is anticiphted, hence the bottom
mass flow rate vanishes to early. The downwards voidage of the top capa-
city is too fasts it is achieved at time 11 s for the code, and 13 s for

the data. The model used for the capacities, and particularly the top
one is not satisfactory. Fluid temperature increases are predicted which
do not exist in the data. At the bottom of the heated tube,. successive
vapor single phase flow are indicated by both the code and the data,

i
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- The boiling crisis is slightly anticipated at the two ends of the
_

tube. The maximum wall temperature is overpredicted: 1000 K for the
code, and 9$0 K for the data. The quenching of the top region is' not-
,aredicted, due to the too early voidage of the top capacity.

8.4 Run Statistics

The runs were performed on a CRAY-XMP-2200 computer with TRAC-PFl/MO- -

D1 version 14.3. The run statistics are presented on table 8.2, and fi- '

gures 0.10 and 8.11 show the plots of the time step and CPU time versus
real' time, for each test.-

8.5 Sensitivity studies

.8.5.1 Capacity Neshing '

The agreement between test and TRAv results is strongly dependent un
a good prediction of the capacities vojdage. For tests 3 (no power, bot-
tom break), 6 (top break), and 8 ,(double break) only, the models used 4

are satisfactory. Before the obtention of the reference modelt, several
meshing of the capacities were tested. Examples of the sensitivity to
the, meshing of the capacities are presented on fjgures 8.12. Depending
on the number of cells modelling the capacities, the liquid is retained
a more or less long time in the capacity, before to be voided into the
tube or.through the break.

|

Fo- tests 9 (no power, double break), 29 (small bottom break) and 30
-(small double break), several meshing were also tested, With no better
results than those obtained with a coarse mesh modelling the two capaci-
ties. Examples are presented on figures 6.13.

No correspondance is found between a specified geometry (break area1

or break position) and a specified meshing; nothing systematic appears.

| 8.5.2 Use of PLENUM Components

The simulation of tests 8 and 30 was made with the two capacities mo-
delled with a PLENUM component. As no wall exists for the PLENUM compo-
nents, the comparison was made with runs performed with the capacities
modelled with TEE components without wall.

Tho results obtained are very different from the reference runs, and
the agreement with the data is bad (fig. 8.14). The PLENUM component is
not convenient to model the cylindrical capacities of the test section
OMEGA-TUBE.

4



-

jm

SETn/LENL/88-138 601/136
'

-

. y

a w
:
-

._ , -

9.5.3 Masattmetica
,

s Test 8 was simulated with 37 cells modelling the whole test 6ection
instead of 63 (10 cells are used instead of 20 for the heated tube), and

_

_ with the same capacity meshing. The results show little nodalization

,
sensitivity. The coarse nesh leads to a maximum wall temperature higher

V from about 10 K (f19 6.15).
F
w

. 8.5.4 Natural choking
_

h The simulation of test 30 was made with natural choking, and with a
- fine mesh at the breaks the converging nozzle is modelled with 3 cells
-

of length 0.04, 0.02 and 0.01 m. The predicted blowdown is too fast and*

the time step is dit !f M into about a decade (fig. 8.16).
7

{ 8.4 Summary and coaniusima
-

_

E
:
-

The simulation of six OMEGA-TUBE blowdown tests was_ performed with
- TRAC-PF1/ MOD 1 version 14.3. The test.section is modelled with 63 or 67
I cells. The botton and top capacities are modelled with a TER component, i

'-

the vertical part of which beeing divided into 3 or 7 cells.-
:

M :
K The general agreement between data and TRAC is moderatet the major
L trends are correctly predicted, but the predicted parameters are fre- i

- quantly outside the data uncertainties. During the period netween the--

_

opening of the breaks and the closure of the valvos, which. insulate the
__ '

test section, large pressure oscillations occur. The absence of a de-
~ 1ayed boiling model leads to a boiling incep*lon pressure overpredicted

with discrepancias up to 0.6 Mpa. The voidage of the capacities towards
the test section or the break, which 9cverak the D10wdordne is not cor-
rectly predicted for some tests. The Blasi CHF correlation used in TRAC
is not suitable for low qualities on one hand, and for large mass , flow
rates on the other hand and leads to anticipated toiling crisis.

The senultivity of the results to the meshing of the capacities is
significant. Whether a capacity is modelled with more or less cells, the
voidage of the capacity into the test section is Fore ot' less fast. Ne-
vertheless, a satisfactory meshing for all the tests was not found. Fur-
thermore, the use of a PLENUM cesponent is not adapted to model the cy-
lindrical capacities of the test BE tion. ,

The sensitivity to the nodalizationt of the test section (except capa-
cities) is weak. The run performed with natural cheking and with a fine
mesh'at the breaks. leads *.o a too fast blowdown. The use of a fine mesh
induces a sharply reduced time step.

- cwrwtime
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Taolo 8.las CIMEGA-TUBE, typical input data deck, single brea test,
steady state run.
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Table 8.14 (continued)-
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TaDie 8.14 (continued)
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Table 8.1b: OMEGA-TUBE, typical input data. deck, transient rune 3
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Table 8.ics ' OMEGA-TUBE, typical input data deck, double breat test,
steady state run.
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Table 8eic (continued)
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Table 8.1c (continued)
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Table 8.2: OMEGA-TUBE, run statistics.

Test. 3 6 8 9 29: 30

Real time s 30.5 30.1 24.1 40.1 50.1 60.6
i

Time step. 508 539 735 582 688 E53
number

Mean time step 6.0 5.6 3.3 6.9 7.3 :1.1
a a10-2 =10-2 a10-2 a10-2 a10-2 =10-1

CPU time s 49.7 48.4 69.8 57.4 58.2 52.2

CPU time /rea'. 1.6 1.6 2.9 1.4 1.2 0.9
time.

1

ICPU' time / cell 1.5 1.3 1.5 1.6 1.3 1.5
atime step a10-3 *10-3 a10-3 =10-3 *10-3 a10-3

|

.

4 *
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9 OMEGA-BUNDLE 8 LOWDOWN EXPERIMENTS

9.1 Tes* Description

__

The OMEGA-BUNDLE-blowdown tests were conducted in the Service des
Transferts Thermiques of the- 7 entre d' Etudes Nuc14aires de Grenoble
(France), during the years 1981 and 1982 (Chauliac, 1982)

9.1.1 Test Section

The test section OMEGA-BUNDLE consists of a rod bundle, connected.
upstream and downstream to capacities (fig. 9.1). The connection pipes
support spool pieces.

The rod bundle simulates a reactor core. It consists of 36 rods, Ar-
ranged in a 6 x 6 array on a 12.6 mm square pitch, with a 3,656 m hected
legnth. The outer wall of the cluster is formed by ceramic shrouds,
which delimit a 78.7 mm side square. The rods are made of inconel 600
and are electrically heated. Their external diameter is 9.5 mm. The
thickness of the rod is continuously varythg, from 0.5 mm in the middle
of the rod, up to 2.25 mm at each end, in order to obtain a cosine axial
heat flux. The thickness variation is given by the following expression:
2ae = D-(dad-4/(aacos(kaz)))aa0.5,
where e is the rod thickness, D the external rod diameter, z the eleva-
tion measured from the middle of the rod, k = 0.70640 radian /m, and
a = 0.222a10+6 m-2.
The heat flux F1 is then given by the following expression:
F1 = 1.'P Fimacos(Kaz),

where t it is the mean heat flux.

The capacities simulate the primary circuit water volumes. They are
spheres of 0.5 m internal diameter, made of stainless steel 45 mm thick.
They ete connected upwards to the main part of the loop, from which they
can ta insulated by quick closing valves. They are connected downwards
to tae spool pieces.

A converging nozzle is connected laterally to the spheres, leading to
the breaks. The convergent is 7 degrees angle, and 0.198 m length. Seve-
ral break diameters are used.

9.1.? Measurements

The measurements performed durAng the OMEGA-BUNDLE tests are very
similar to those performed during the OMEGA-TUBE tests (see paragraph
8.1. 2 ) . -

#

. . ......a



r=
c

y
| *

SETn/LEML/88-138>

4

The Pressure is measured at different locations a.ct;' the test
section.- The uncertainty is 2 %. Pressure differences are measured
between the top and the. bottom of the rod bundle, and between the poles
and equator of the capacities.

The fluid temperature is measured at different locations along the
test section by chromel-alumel thermocouples.

The wall temperature of the rods is = measured by 120= th3rmocouples
brazed on the inner wall of the rods. There is 5 thernocouples per rod,-

distributed on 14 levels.,

The mean void fraction, along a diameter and along a chord, is measu--

red upstream and downstream the rod bundle, by a gamana , ray attenuation
technique. ,

The mass flow rates are measured by symetrical venturis, and by
flowmeters located upstream and downstream the rod bundle. The mass flow
rate in tre upstream connectionlpipe is measured by a venturi located
near the quick closing valve. The downstream connection mass flow rate
is obtained by tra difference between the mass flowing out of the loop
pressurizer and the upstream connection mass flow.

The power dissipated in tne rod bundle it obtained from amporage and
voltage measurements.

9.1.3 Test Procedure

The test procedure beginns with the establishment of a steady state
vertica1Lupflow in the rod bundle. When the nominal conditions are
reached, the system is vented to the atmospheric pressure by bursting
the break (s) rupture discs. Valves insulating the test section from the
loop are closed af ter the opening of the break (s). The closure of the
two valves is not simultaneous. The electric power decay- is programed
versus time. In addition, the power is cut off when one wall thermo-
couple reaches a chosen threshold.

,

9.1.4 Test Matrix

Thirty-seven tests were performed, with initial flow conditions sta-
ted:hereafter: the pressure is 13 Mpa-(except four tests with 15 MPa),
the inlet temperature is 558 K, and the mass flow rate is 10 through 19
kg/s. Three wall heat flux (0.0, 0.6 and 1.0 Mw/m2), ten break diameters
and three break positions (lower, upper and double breaks) are used.

The following tests were selected for TRAC ui nulation in the frame of
.the ICAp:

Test 2: 25 mm Upper break, Fi=0.0 Mw/m2, Q=10 kg/s.
Test 3: 25 mm upper break, Fi=0.6 Mw/m2, Q=11 kg/s.
Test 9: 11 mm lower, 23 mm unoer breaks, Fi=0.6 Mw/m2, Q=12 kg/s.
Test 11: 23 mm lower, 11 mm Lprer breaks, Fl=0.6 Mw/m2, n=12 kg/s.
. Test 13: 14 mm .ower, 7 mm. upper breaks, Fi=0.6 Mw/m2, .12 kg/s.
Test 18: 23 mm lower,11 me upper breaks, Fi=0.0 :'w/m2, Q=12 kg/s.
Test 19: 23-mm lower, 11 mm upper breaks, Fi=0.9 Mw/m2, Q=17 kg/s.

1
- n
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9.2 laput Rodel

Tables 9.2 give typical input data decks used for OMEGA-BUNDLE simu-
lations.

9.2.1 Components and Boundary conditions

The test section is modelled with a combination of 13 components
. (fig. 9.2). The capacities are modelled with a TEL component. The jun-
ctions, spool pieces and connection pipes are modelled by successive PI-
PE components. The rod bundle is modelled with a CORE component with one

. rod.

The entrance and exit of the initial steady state : low are modelled
with a FILL component, where the mass flow rate is imposed versus time.
The breaks are modelled with a BREAK component when the break opens, and
with a FILL component when the break remains closed.

9.2.2 Bydraulic Modalisation

The choice of the meshing is imposed by the geometry of the test
section eltaents, and by the position of the measurements devices. The
measurement locations correspond to a cell center (pressure, temperature
and void fraction), or to a cell edge (mass flow rate). The area varia-
tions along the test section are taken into account in the evaluation of
the cell volumes.

The rod bundle is modelled with 14 cells. The capacities are modelled
with 3 cells (fig. 9.3), the flow rreas of which are the areas of the
sphere at the cell edges. The cell volumes are the volumes of the sphere
slices defined by the cell edges.

9.2.3 Wall Nodalisation

The walls of all the components are modelled with 4 nodes, and the
thermal losses are not taken into account.

The square will of the cluster is modelled with a cylinder of 0.172 m
inner diameter and 4.065 in thickness. The axially variable thickness of
the rods cannot de modelled by TRAC. The rod thickness used is then the

.

mean rod thickn<.ts (0.80 mm), in order to simulate globally the total
thermal inertja of the rods. The experimental axial hea't flux profile is
imposed.

9.2.4 Singular Pressure Drops

The experimental singular pressure drop coefficient of a mixing C.1d
is 1.0, and the one corresponding to the power lead plaits is 11.0. In
the code the FRIC parameter is used to model these singular pressure
drops.

P: 9



. u ' ' - ' - - . .

_

SUTh/LEML/80-130 113/136

9.2.5 Steady State Flow

The simulation of each test is performed with two succeFSive runs. A
~ first run gives the initial steady state regime. The exps : . .nental mass
flow rato is imposed at the two connections, lower inflow, upper
outflow. The inlet temperature is imposed at the lower junction. The
pressure is imposed at the break location for single break tests. For-
double break tests, the prestures at the breakh are fitted in order to
make the flow losseb at the breaks during the steady state run very- low

(less than 1 % of the total mass flow rate).

The initial values impot.ed at each cell are the- followingt velocities
of 4 m/s, experimental pressure, inlet temperatures for the rod bundle,
and the lower components, outlet temperatures for the upper components.
.The time step is free, with an initial value of 1*10-2 s.

When the steady state is reached, the results are dumped to be used
as the initial regime for the blowdown simulation. The steady state is
reached within about 100 time steps (about 9 s cpu) for the tests with
heated rods.

9.2.6 Plowdown

The second run simulates the blowdown. It beginns at the experimen-
tal time zero. The breaks open at a time between 2.70-and 2.05 s , ' not
always simultaneously. In the model, the imposed pressute decreases from
the initial value to 0.1 Mpa within 0.003 s. The mass flow rates versus
time at the connections are evaluated from the experimental total mass
flow rate between the breaks opening and the valves closure, assuming a
linear variation versus time. The experimental pGder is impcsed versus
time.

The initial time step is 1*10-3 s. The time step is bounded upwards
during specified periods, in order that the breaks opening, valves clo-
sure and power cut off correspond to the experimental times. The choked
flow model is used.

-9.3 Code Predictions and Comparisons with Data
_ _ _ . _ _ _ _ _ _ _ _ _ _ _____

9.3.1 Parameters

The comparisor.s between the predictions anu the data are made for the
following parameterst pressure p9 at the bottom of the rod bundle, mass
flow rates, void fractions and fluid cemperatures in the upper and lower
spool piecas, wall temperatures along the rod bundle, and pressure dif-
ferences between the top and middle and between the middle and the bot-
tom of the spheres.

,

These pressure differences are measured between very different flow
areat 0.006, 0.013. 0.045 or 0.057 m2 on one hand (top or bottom, upper
or lower sphere), and 0.20 .n2 on the other hand (middle). Fe- flow area

.

. . . . . .
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. variations like that, the,oressure drop' predicted by TRAC is different
from the pressure drop given by the Bernoulli equation, for liquid sin- .;
gel phase flow regime (se, paragraph 3.2.2). Furthermore, the meshing |

used for the spheres-Loes not allow a correct evaluation of-the pressure '

drop in the lower part of the spheres. As a matter of fact the code gi-
ves the pressure. differences between the cells center Z=0.094 and 0.250

m (with Z=0 at the bottom of the sphere), whereas the measured pressure
drop correspo*4ds to Z=0.040 m (lower sphere), and- Z=0.030 u ' . (upper
sphere), and Z=0.250 m. A liquid level passage cannot then be detected
at the same time by the code and the data.

The preoicted rod wall temperatures are only indicative, because the
actual rod thickness 11s not modelled in the code. The mean value used
in the code is 0.00 mm, whereas it is changing from 0.50 mm in the mid-
die of the rod, up to 2.25 mm at the two ends. Furthermore,.the inertia
of the thermocouples brazing is not negligible, and a correction of the

|
predicted wall temperatures should be made. '

9.3.2 Tests with Upper Break

The tests with upper break are characterized by a mass flow rate
which renains upwards in the bundle.

9.3.2.1 Test 2

Test 2 is performed with zero power, with a 25 mm breat diameter. The
results are presented on figures 9.4.

The pressure at the boiling inception is overpredicted, and the final
pressure decrease is anticipated. The oscillations at the break opening
correspond to the period before the closure of the valves. The beginning
of boiling is predicted too early, just atter the' valves closure. The
mass flow rate trough at this time is then not' predicted. Furthermore, a
short period of upper mass flow increase at time 11 s is predicted, to-
gether with an underprediction of the upper void frhetion. In the lower
part of the test section, the void fraction and mass flow rate are in

good agreement with the data. The liquid entrainment in the lower part
is probably too ' low; liquid accumulates and is then carried over towards
the break.

9.3.2.2 Test 3

Test 3 is performer sith a 25 mm break diameter, and a power cut off
at time 7.3 s. The results are presented on figures 9.5

The pressure at the boiling inception is overpredicted, and the final
pressure decrease is anticipated. The mass flow rates and void fractions

are well predicted, however with a vanishing of the liquid phase pre-
dicted too early, which corresponds to a too fast voidage of the lower
sphere. The pressure drops in the lower sphere are well predicted (with
an initial discrepancy corresponding to the violation of the Bernoulli !

!
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equation). In the top of the upper sphere, the predicted void fraction
.

rapidly reaches the value 1.0, the vapor is practically- stagnant, and
the predicted pressure drop is weak. In the bottom part, the pressure
drop trough corresponds to the veld fraction trough it. the test. section
(beginning .? boiling in the cold lower sphere). Tre predicted fluid
temperatue n follow the pressure decrease. The singla phase vapor regime

-is anticip. Led in the upper part, but it may have rat' been detected by
the thermocouples.

The boiling crisis is predicted too early, and the wall temperatures
are overpredicted. The Biasi critical heat flux correlation used by TRAC
is not-suitable for the low qualities which exist in the bottom part of
the rod bundle. The maximum predicted temperature is 1150 K, whereas the.
data give 900 K. These comparisons are made notwithstanding the simpli-
fled rod wall model used.

9.3.3 Tests with Preponderant tower Break

The tests with preponderant lower break are characterized by a mass
flow rate which reverses as soon as the breaks open.

9.3.3.1 Test le

Test 18 is performed with zero power, with a 23 mm lower break diame-
ter and a 11 mm upper break diameter. The results are presented on figu-
res 9.6.

The pressure at the boiling inception is sligthly overpredicted, and
the final. pressure decrease is ant.cipated. The void factions are under-

. predicted, with a trough in the upper part that is not observed in the
data. The mass-flow rates are well predicted.

9.3.3.2 Test 11

Test 11 is performed in co*ditions which differ from test 18 only by.
:the power, cut off at time 9 s. The results are presented on figures.
9.7.

The pressure at the boiling inception is overpredicted, and the final
pressure decrease is anticipated. The void fractions and mass flow rates
are well predicted. However, the single phaso vapor flow is anticipated
in the upper part. The pressure drops. evolutions are correctly pre-
dicted,.with an initial discrepancy corresponding to the violation of
.the Bernoulli equation. The predicted fluid tenperatures follow the
pressure decrease. The predicted single phase vapor flow is anticipated.

The boiling crisis is predicted with about i s delay. The wall tempe-
ratures are underpredicted. The predicted maximum wall temperature is
800 K whereas data indicate 950 K. .
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9.3.3.3 Test 19

.

Test 19Lis performed in conditions which differ from test 19 only by
the power (0.9 instead of 0.6 Mw/m2), cut off at time 7 s, and the mass

01 flow rate (17 instead of 12 kg/s). The results are presented on figures
9.8.

The agre' ment between TRAC results and data is comparable for tests
11 and 19. The predicted maximum kall temperature for test 19 is 800 K
whereas data indicate 1050 K.

-

9.3.3.4 Test 13

Test 13 is performed with a 14 mm lower. break diameter and a 7 mm up-
per break diameter, with power cut off at time 7 s. The results are pre-
sented on figures 9.9.

The pressure at the boiling inception is overpredicted, with a dis-
crepancy of 0.8 MPa, and the final pressure decrease is somewhat antici-
pated. The void fractions and mass flow rates are well- predicted. Ho-
wevo the single phase vapor flow is anticipated in tha upper part. The
pressure drops evolutions are correctly predicted, with an initial dis- |

crepancy corresponding to the violation of the Bernoulli -equation. The |

. predicted fluid temperatures follow the pressure decrease.

The boiling crisis is somewhat anticipated, and the wall temperatures
are underpredicted.-The predicted maximum wall temperature is 860 K whe-
reas data indicate 900 K.

9.3.4 Test 9 with Proponderant Upper Break

Test 9 is performed with a 11 mm icwer break diameter and a 23 mm up-
per break diameter, with a power cut off at time 6.1 s. The stagnation
point is located at the bottom of the rod bundle at the beginning of the

L transient, and then in the lower sphere. The results are presented on
.

figures 9.10.
1

The pressure at the boiling inception is sligthly overpredicted, and
| the -final' pressure decrease is anticipated. The veld f ractions and mass

flow rates are well predicted. However,'the single phase vapor flow is
anticipated. The pressure drops evolutions are correctly predicted, with
an initial discrepancy corresponding to the violation of the Bernoulli

equation..In the bottom of the lower sphere, the predicted pressure drop
is evaluated between two points nearer than for the data, and the level
passage is detected too early. The predicted fluid temperatures follow
the pressure decrease. Single phase vapor flows are predicted by the co-
de but not by the thernooccuples.
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The boiling crisis is somewhat anticipa*ed, al.d-the wall temperatures
are rather well predicted, despite the simphfied model used. - The pre-
dicted maximum wall temperature is 1000 K whereas data indicate 1050 K.

_

,

9.3.5 Guamary

Two discrepancies appear between the predicted and measured pres-
surest the boiling inception pressure is overpredicted, and the pressure

b at the end of the transient is underpredicted. The voidage of the capa-
cities towards the break or into the test section are well predicted, as
indicated by the mass flow rates and void fractions in the test section,__ w

and the pressures drops in the spheres. The wall temperatures are over-
predicted, underpredicted, or-well predicted, depending on thi, test. Ho-
wever the use of a wall model with constant thickneks, and witT no model

of the thermocouples brazing, is not very satisfactory.,
I-

9.4 Run statistics

I
~

) The runs were performed on a CRAY-XMp-2200 computer with TRAC-PF1/30-
u - D1 version 14.3. The run statistics are presented on table 9.2, and fi-
~

gutes 9.11 and 9.12 show the plots of the time step and CPU time versus
real time, for each test.

9.5 sensitivity studies

__

9.5.1 Capacity Meshing

Runs-were performed with the capacities modellec with 5 vertical cel-
1s instead of 3, in order that the center of the-bottom cell correspond
to the bottom pressure tap of the spheres. The results obtained are
sligthly different from the reference runs, except for the bottom pres-
sure drop of the spheres. With 5 cells, the void fraction in the bottom
cell rapidly increases up to 1.0, and falls down before the end of the
transient, whereas the void fraction of the second cell remains to about

0.4. The pressure drop is then irrealistic (fig. 9.13).

9.5.2 Use of PLENUM Components

The simulation ot test 9 was made with the two spheres modelled with
a PLENUM component. As no wall exists for the PLENUM components, the
comparison was made with a run performed with the spheres modelled with
TEE components without wall. The results obtained are slightly different
for the two runs (fig 9.14).

m
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9.5.3 Nodalization

Test 9 was simulated with 47 cells modelling the whole test section

instead of 67 (7 cells are used instead of 14 for the rod bundle). The
results show little differences with the reference run (fig. 9.15).

9.5.4 Natural Choking

The simulation of test 9 was made with natural choking and a fine
mesh at the breaks, where the converging nozzle is modelled with 4 cells
of length 0.098, 0.050, 0.030 and 0.020 m, instead of one cell. The pre-
dicted blowdown is too fast, and the time step is divided into about a
decade (fig. 9.16).

9.6 Summary and Conclusion
-

The simulation of seven OMEGA-BUNDLE blowdown tests was . performed
with TRAC-pF1/ MOD 1 version 14.3. The test section is modelled with 67

cells. The upper and lower spheres are modelled with a TEE component,
with 3 vertical ce'Is each. The rod bundle is modelled with a CORE com-
ponent, with one equivalent rod. The tod wall thickness uced is the mean

thickness, in order to model the global rod inertia. The experimental
axial heat flux is~used.

The general agreement between data and TRAC is moderates the major
trends are correctly predicted, but the predicted p&rameters are fre-
quently outside the data uncertainties. The voidage of the spheres to-
wards the break and into the test section is well predicted. The viola-
tion.of the Bernoulli equation in case of a flow area variation leads to
a systematic initial discrepancy between the initial predicted and mea-
sured pressure drops in the spheres. However, the correct trends are
predicted. During the period between the opening of the breaks and the
closure of the valves, which insulate the test section, large pressure
oscillations occur. Tne absence of a delayed boiling model leads to boi-
ling inception pressures overpredicted with discrepancies up to 0.8 Mpa.
The blowdown end is generally predicted too early. The use of a rod Wall

model with constant thickness does.not allow a draw of conclusions con-
cerning the wall temperatures. A complete model should have a thermo-
couple brazing model.

The runs are little sensitive to the meshing of the capacities, which
can also be modelled with a PLENUM component instead of a TEE.

The sensitivity to the nodalization of the test section is weak. The
runs performed with natural choking and a fine mesh at the breaks lead
to too fast blowdowns and to sharply reduced time steps.

__
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Table 9514 CHBGA-BUNDLE, typical input data deck, single break test,
steady state run.
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TaDie 9*1a (continuad)
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Table 9.14 (continued)
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Table 9.Aba OKBen-BUNDLE, typical input data deck, transient run.
!
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!
!' Table 9.ics 011BR-SUNDLE, typical input data deck, double break test,

steady state run. i
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hble 981c (continued)
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Table 981c (continued)
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Table 9.2 ONEGA-BUNDLE, run statistics.

i

Test 2 3 9 11 13 18 19

Real time a 40.0 40.3 40.0 40.0 39.5 40.0 40.0

Time step 499 546 820 585 497 376 667
number

:

Mean tiac- 9.1 7.4 4.9 6.8 7.9 1.1 6.0
step e a10-2 *10-2 a10-2 a10-2 a10-2 e10-1 a10-2

!

CPU time a 50.2 55.3 85.4 62.0 49.0 41.0 67.4 !

CPU time / 1.3 1.4 2.1 1.5 1.2 1.0 1.7 !

real time

'

CPU time / 1.5 1.5 1.5 1.5 1.4 1.6 1.5
collatine e10 3 10 3 10 3 10-3 10 3 10-3 19-:

step

,

,
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10 CONCLUSION

10.1 Overall Summary

f

Independent assessment of the TRAC-PF1/ MOD 1 version 14.3 has been
performed using the separate-effects tests stated hereafter: -

Critical flow steady state tests:

McBY-DICK : tests 403, 408, 455, 79 and 172.
SUPER-MOBY-DICK: tests 1 through 15.

Blowdown tests:
CANON : tests D, L, I.

SUPER-CANON : tests P, X, Q.
VERTICAL-CANON : tests 9, 22, 24. i

MARVIKEN : tests 6, 17, 24.
,

OMEGA-TUBE : tests 3, 6, 8, 9, 29, 30.

OMEGA-BUNDLE : tests 2, 3, 9, 11, 13, 18, 19.
,

Assessment includes base case simulation and sensitivity studies
(among others nodalization sensitivity and runs with natural choking and
with the choked flow model). Complete code predictions, comparisons with
data and run statistics are given.

10.2 Run Statistics-

All the runs were performed on a CRAY-XMP-2200 computer with the code
TRAC-PF1/ MOD 1 version 14.3. The time step was free, except during speci-
fled periods of the OMEGA-TUBE and OMEGA-BUNDLE transients, in order to
ensure that the experimental events occur at the experimental times. The
initial and minimum time step was la10-2 s for the MARVIKEN simulations,
1*10-3 s for the MOBY-DICK, VERTICAL-CANON, OMEGA-TUBE and OMEGA-BUNDLE
simulations, and la10-4 s for the SUPER-MOBY-DICK, CANON and SUPER-CANON
simulations.

The extremum CPU time per cell per time step are given hereafter for
each experiment (in CPU s a10+3).

. _ _ - _ _ - . _ . . . _
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MOBY-DICK : 1.1 - 1.4
SUPER-MOBY-DICK : 0.6 - 1.2
CANON : 1.7 - 2.5
SUPER-CANON : 1.7 - 2.8
VERTICAL-CANON : 1.1 - 1.2
KARVIKEN' 1.6 - 1.9
OMEGA-TUBE : 1.3 - 1.6 ;
OMEGA-BUNDLE : 1.4 - 1.6 i

The largest CPU times per cell per time step correspond to the CANON
p and SUPER-CANON tests with a break equal to the pipe diameter, for which

.

!

the blowdown transients are very fast (about i s from the opening of the
break until the atmospheric pressure is reached).

In case of a fine mesh at the break (little cell sizes and large ve-
locities), a Courant stability criterion calculated in subroutine TF1DS1
becomes very 11mitative. This was not found in the runs performed with
version 13.0 of the code, where the value of parameter CSF1D was 1*10+6,
instead of la10+3 in version 14.3.

,

10.3 Major Conclusions
-- .. ..

|

The major conclusions derived from the simulations of each experiment
are given, followed by an overall conclusion concerning the critical
flow and blowdown simulations with TRAC.

10.3.1 NOBY-DICK

No steady state is reached, due to the small size of the throat cell
(0.02 m), and, in addition for one test, to the abrupt decrease of the
interfacial shear stress at the transition between bubble-slug and annu-
lar flow regimes. However, the mass flow rate oscillations are suffi-
ciently low to allow comparisons with data. The pressure at the boiling
inception is overpredicted, due to the lack of a' delayed boiling model,
and the discrepancy is sensitive, due to the low pressure.

The results are very sensitive to the inlet location with regard to
the throat, or to the single phase flow length with regard to the total
length, and the predicted mass flow rates are therefore relative to a
specified inlet location. When the interphase thermal.desequilibrium is
large, the agreement with the data is worse when the choked flow model
(no thermal desequilibrium) is use than with natural choking.

|
'

10.3.2 SUPER-MOBY-DICK

The staggered scheme used by TRAC does not respect the Bernoulli
equation for single phase flow, and hence a fine meshing (0.004 m) is
needed to model properly the inlet convergent of the test section, in
order to obtain realistic simulations.
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No steady state is reached for two tests among the fifteen for which I

a simulation was made, and the mass flow rate oscillations are much lo-
wer than the data. accuracy. This better stability compared to the MOBY-
DICK simulations is attributed to the higher pressure of the- SUPER-MOBY
DICK tests, for which the constitutive laws are probably more suitable.

The agreement between the predicted and measured mass flow rates, is
good (discrepancies less than 5 %) for the tests with high entrance j

subcooling, for which the two phase flow region is short. The agreement '

is less good (discrepancies up to 10 %) for the tests with positive in- !'

let quality. The largest discrepancies (up to 23 %) between predictions
and data correspond to the tests with inlet condition near saturation, j

for which the boiling model takes a large part,

The data accuracy is not sufficient to pred! _ precisely the boiling !
inception point. The void fractions are in good agreement with the data
even if the agreement concerning the pressures and mass flow rate is

_

poor.
' j!

The runs performed with the choked flow model give similar results as
the runs performed with natural choking, except for the tests with large
inlet subcooling, corresponding to a large thermal desequilibrium.

!
i

10.3.3 CANON :

The pressure at the end of the initial abrupt decrease is overpre-
dicted, due to the lack of a delayed boiling model, or to the experimen-
tal initial temperature stratification. The predicted voidage of the
test section is somewhat too fast for the tests with a break diamater
equal to the pipe diameter, and somewhat too slow for the test with a
break diameter smaller than the pipe diameter.

The simulations performed with natural choking predict too fast
blowdowns, far from the data. The lack of a virtual mass term probably
takes part in these bad predictions. A Courant stability criterion redu-
ces sharply the time step in case of fine mesh at the break.'

;

10.3.4 8UPER-CANON

The pressure at the end of the initial abrupt pressure decrease is
overpredicted, due to the lack of a delayed boiling model, or to the
experimental initial temperature stratification. After the boiling in-
ception, the predictions agree well with the data, except in the bottom
end of the test section, where the final pressure decrease is antici-
pted.

The simulations performed with natural choking predict too fast
blowdowns, far from the data. The. lack of a virtual mass term probably
takes part in these bad predictions. A Courant stability criterion redu-
ces sharply the time step in case of fine mesh at the break.
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!

10.3.5 VERTICAL-CANON

Good agreement with the data is obtained, except a too slow liquid
jlevel decrease for one test, and pressures at the boiling inception are

sligthly overpredicted.
-

Large void fraction oscillations occur at the transition between bub-
ble-slug and annular flow regime, when the pressure is low, due to the
sharp decrease of the interfacial shear stress. Low void fraction oscil-
lations also correspond to the sharp decrease of the interfacial shear
stress for the bubble-slug transition. The oscillations vanish when 'the

size of the cells is increased.
|

The simulations performed with natural choking predict too fast
blowdowns. A Courant stability criterion reduces sharply the time step
in case of fine mesh at the break. This limitation is not found when the
version 13.0 of TRAC is used, where the parameter CSFlD in subroutine
TFlDS1 had a value 1*10+6 instead of 1*10+3 in version 14.3.

I

10.3.6 MARVIRB 1

The initial pressure undershoot is not predicted, due to the lack of
a delayed boiling model.

The mass flow rate predicted with natural choking is in better agree- 1

ment with the data than the mass flow rate predicted with the choked
flow model, for the test with short nozzle, for which the interphase
thermal desequilibrium is large. For the test with long nozzle,-the re-
sults obtained with and without the choked flow model are quite iden- {

!tical.
i

10.3.7 OMEGA-TURE

The pressure at the boiling inception is overpredicted, due to the
lack of a delayed boiling model. The blowdown of the test section depen-
ds mainly on the voidage of the capacities into the test section or to-

wards the break. The voidage of the capacities is not correctly pre-
dicted for some tests, for which an adequate model of the capacities was
not found.

The Biasi critical heat flux correlation is not suitable for low qua-
lities and for large mass flow rates, which induces anticipated boiling
crisis.

The simulation performed with natural choking predicts a too fast
blowdown, far from the data. A Courant stability criterion reduces shar-

ply the time step in case of fine mesh at the break.
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10.3.8 ORBEA-BUNDLE

The pressure at the boiling inception is overpredicted, due to the i

i'ack of a delayed boiling model. The voidage of the spheres into the
test section and towards the break is well predicted. The violation of
the Bernoulli equation in case of flow area variations induces a syste-
matic initial discrepancy between the predicted and measured pressure
drops in the spheres.

The use of a rod wall model with constant thickness prevents the de-
rivation of conclusions concerning the wall temperatures.

The simulation performed with natural choking predicts a too fast +

blowdown. A Courant stability criterion reduces sharply the time step in
case of fine mesh at the break,

i

i
10.3.9 Summary

10.3.9.1 General Agreement j

The general agreement L' tween the critical flow and blowdown tests
and TRAC is moderates the major trends are correctly predicted, and the
thermal hydraulic phenomena are rather properly modelled. However, TRAC-
values are frequently outside the data uncertainties.

10.3.9.2 Break Flow

The break flow are predicted by TRAC with natural choking or with the
choked flow model.

The choked flow model allows the use of large break cells, and is ba-
sed on the hypothesis of interphase thermal desequilibrium. The choked
flow model is convenient for fast transient test, like CANON, SUPER-
CANON, VERTICAL-CANON, ONEGA-TUBE and OMEGA-BUNDLE tests, for which it
works well.

The runs performed with natural choking are convenient for low tran-
sient or steady state tests. The lack of a virtual mass term probably
takes a part in the poor agreement between tests and TRAC for fast tran-
sients. Furthermore the time step is sharply reduced for fast transients
when a fine mesh at the break is used (see hereafter).

The runs performed with the choked flow or with natural choking give
similar results for the steady state or low transient test without in-
terphase thermal desequilibrium,

n n e
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'

10.3.9.3 Constitutive Laws

No irremediable failure in the constitutive laws of TRAC was found.
However some improvements should be made, concerning the CHF correla-
tion, the boiling inception model and the interfacial shear stress coef-
ficient (see hereafter).

10.3.9.4 Courant Stability Criterion

i

For all the tests with fast transient (CANON, SUPER-CANON, VERTICAL-- i

'

CANON, OKEGA-TUBE, OMEGA-BUNDLE), a Courant stability criterion reduces
sharply the time step, when a fine mesh at the break is used. The value j

of parameter CSFiD in subroutine TFIDS1 is questionable (see hereaf ter). i

10.4 Recommended Code Improvements |
__ _ .____-- -

10.4.1 Critical Heat Flux Correlation

The Biasi CHF correlation is used in TRAC. It is not suitable for low '

. qualities and for large mass flow rates. Too early boiling crisis are
then obtained for OMEGA-TUBE tests.

4

A CHF correlation more suitable for low qualities and large mass flow
rates is needed.

i
_

10.4.2 Critical Flow ..]

The use of the choked flow model gives poor agreement between TRAC
and data for steady state or low transient tests with a large interphase
thermal desequilibrium. On the other hand, natural choking gives poor
agreement in case of fast transients, and the lack of a virtual mass
term may take a part in these discrepancies.

Improvements are needed in order to predict break flows without the
help of any model. Meanwhile an improvement of the choked flow model is
needed in order to take into account the interphase thermal desequi-
librium. ,

10.4.3 Delayed Boiling Model

The predicted boiling inception corresponds to the saturation pres- J
sure. The inception of boiling is then predicted too early in the simu-
lation of quite all the tests. For the low pressure steady state tests
MOBY-DICK, the experimental liquid overheating is 2 through 3 K, and the
discrepancy between the predicted boiling inception pressures is sensi-

"
.

^ l . . l
.
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tive. For the high pressure steady state tests SUPER-MOBY-DICK, the
pressure discrepancy is less sensitive, and the analysis is more diffi- i

-

cult because the boiling often beginns in the inlet converging nozzle,-
where the pressure gradient is large, and because the data accuracy
leads to a difficult determination of the experimental boiling inception.
point. For the blowdown tests-(CANON, SUPER-CANON, VERTICAL-CANON, MW
VIKEN, OMEGA-TUBE and OMEGA-BUNDLE), the predicted- pressure after the
first sharp pressure decrease, corresponding to the boiling inception,
is too high, with a discrepancy that depends on the test, and may be - as- *

high as 0.8 MPa.

A delayed boiling model is needed.
.

10.4.4 Bernoulli Squation

In case of flow area variations, the predicted pressure drops in 11-
quid single phase flow regime do not follow the Bernoulli equation. The
discrepancy between the predicted and measured pressure drops in the in-
let convergent of the SUPER-MOBY-DICK test section is then large, and a
fine nodalization of the convergent is needed to ensure a valuable com-
parison with data. This discrepancy is also found between the predicted
and measured pressure drops in the spherical capacities of the OMEGA-
BUNDLE test section.

The adequacy between the predicted pressure drops and the Bernoulli
equation in case of flow area variations is needed.

10.4.5 Interfacial shear Stress

The sharp decrease of the interfacial shear stress coefficient at the

transition between bubble-slug and annular flow leads to large void
fraction oscillations at low pressure (less than 1 Mpa), in case of-ver-
tical upflow (MOBY-DICK, VERTICAL-CANON). In the same conditions, but at
the transition between bubble and slug flow regime, where the interfa-
cial shear stress coeeficient also decreases, low void fraction oscilla-
tions may occur (VERTICAL-CANON). However, the oscillations are reduced
when the cell size is increased.

More smooth decreases of the interfacial shear stress coefficient at
the transitions between bubble and slug flow, and between bubble-slug
and annular flow, for low pressures, are needed.

j

10.4.6 Rod Wall Thickness
<

The wall thickness of the rods in the test section OKEGA-BUNDLE is
axially varying, in order to obtain a cosine heat flux profile. The. wall
temperature evolution depends on the wall thermal inertia, and the use
of a constant thickness instead of a variable thickness is a simplifica-
tion which prevents the obtention of realistic wall temperatures.

An axially varying rod wall thickness model is needed.

t -Q __ t
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10.4.7 Time Step
g
!

In case of a fine mesh at the break (little cell sizes and large ve-'

locities), a Courant stability criterion calculated in subroutine TFIDS1
becomes very limitative (CANON, SUPER-CANON, VERTICAL-CANON, OMEGA-TUBE,
OMEGA-BUNDLE). This was not found in the runs performed with version

13.0 of the code, where the value of parameter CSF1D was 1*10+6, instead
of la10+3 in version 14.3.

}i!
'The value of parameter CTSID in subroutine TFIDS1 is questionable.

'f

,

!
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