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§ 3.1 AGENDA
~ Progranme for the
AGT8/JAPANESE Meeting on
Under Sodium Water Reactions
on Wednesday/Thursday/Friday

15/16/17 March 1989

TUESDAY 14 MARCH 1989

16.15 Japanese participants arrive at Wick Airport.

Trangport fo Meivich Hotel, Melvich.

WEDNESDAY 15 MARCH 1989

09. 00 Coach - Melvich Hotel to Dounreay

09. 30 Arrive Dounreay
PFR Training Cenfre
Welcome to Dounreay by

Mr.C V Gregory, Assistani Director, Operations
09. 45-10.00  AGENDA

10.00-12,00 Tour of PFR (incleding Simulator) with
Mr.P R Gailie, PFR Operations Manager

12,15-13.15 LUNCH in the Carvery

13.15-14.30  D8530/D1249 ‘
Tour of Na/H;0 Facilities (Technology Division) with

Mr.R Poppiestone

14, 30-15,30 PFR Training Centre

Detailed description of PFR Steam Generaior Design,

Operating Histories, and Instrumentation Systems with
Mr.D F Shipley, Manager of PFR Engineering

-9 —
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15.30-16. 30

186.

20,

45

00

THURSDAY

Detziled description of Superheater 2 incident, Plant Stafe

and Plant response with
Me.P & Gallie, PFR‘Operations Manager

Depart Dounreay
Coach to Melvich Hotel

Dinner at Melvich Hetel (Japanese side invitation)

16 MARCH 1988

09.

09.

10.

12.

13.

14.

15,

16.

17.

19.

00

30-10.

30-12,

30-13.

30-14.

45-15,

15-16.

15-17.

45

30

30

30

30 -

45

15

15

30

Coach - Melvich Hotel fo Dounreay
Arrive Dounreay
PFR Training Centre

Calculation of Bvent including description of ARK Code

Examination of failed unit

Visual, Mensuration, metallurgical
LUNCH in the Carvery

PFR Training Centre

Mechanisms for Tube Failure Progression and possible

explanations for Superheater 2 incident

Measures taken to allow further operation

Na/H-0 work in Japan related te SGU Desings in MONJU
and DFR

Understanding of tube failure progrssion, theery

and experiment, importance of material type

Depart Dounreay
Coach to Melvich Hotel

DINNER at Melvich Hotel (UKEAE side invitation)

(UK)

(UK

(UK)

(UK)

(JAPAN)

(JAPAN)
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FRIDAY 7 MARCH 1989

09.

08,

10,

11,

11.

13.

13.

14,

00

30-10.

30-11.

00-11.
30-13.
00-183.

15-14.

30

00

30

00
15

15

Coach - Melvich Hotel to Dounreay

Arrive Dounreay

PFR Training Cenire

Detection of Tube Failure and inltlating Plant trip in MONJU (JAPAN)

Present Status of Monju Comstruction (JAPAN)

Potential for future collaboration in Na/H,0
reaction studies (UK/JAPAN)

Discussion including Questions and Answers (UK/JAPAN)
Conclude Meeting
LUNCH in the Carvery

Adjourn
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§ 8.2 MINUTES, CONCLUSIONS AND RECOMMENDATIONS

STATEMENT FROM MEETING TO DISCUSS EXPERIENCE WITH SODIUM WATER REACTIONS

1, The meeting was held on the 15th-17th March 1989 at the PFR Training
Centre, Dounreay between teams led respectively by PNC (Japan) and AGT 8
(Europe).

2. AGT 8 presented a full description of the PFR Superheater 2 incident
which occurred in February 1987 and the subsequent investigations into the
cause and consequences of the incident. The range of facilities available at
Dounreay for Sodium Water Reaction studies was shown to the visitors.

3. The Japanese team presented an account of the basis for their Steam
Generator Designs for MONJU and DFBR, and in particular described the
experimental support for thelr views on the propagation of a single tube
failure to other tubes and the possibilities for detection.

4. The meeting allowed a full discussion of the differing views and ideas
put forward by the teams. Both teams expressed a desire to pursue further
the possibilities for joint programmes to study Sodium Water Reactions in
Fast Reactor Steam Generators and the exchange of data from operating plants
and experimental rigs. The Japanese team specified three areas in whicl they
would welcome a future exchange of data,

1) Wastage and Overheating Data for different materials, including 9Cr 1Mo.
2) Calculation of Tube Failure propagation.
3) Acoustic Leak Detection,.

The AGT 8 Chairman agreed to relay these requests to the Chairmen of the
other AGTs Involved.and seek a co-ordinated response.

5. However, as a start it was suggested by AGT 8 that it would be of wvalue
for both teams to use their respective computer codes to calculate,
independently, the PFR Superheater 2 event and & similar postulated incident
in a DFBR steam generator, This exercise would encompass some of the
specific points raised by the Japanese team. At & subsequent meeting the
tresults from these independent exercises would be compared and discussed.

=  Gmed

C V GREGORY T INQUE
Assistant Director (Operations) Deputy General Manager
Dounreay , Power Reactor & Nuclear Fuel

Development Corporation

17 March 1989

—
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Title Detection of tube failure and initiating plant trip
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UNITED KINGDOM ATOMIC ENERGY AUTHORITY

DOUNREAY NUCLEAR POWER DEVELOPMENT ESTAELISHMENT

AGT8/JAPANESE SPECIALISTS MEETING - 15 to 17th MARCH 1989

DESCRIPTION OF PFR STEAM GENERATOR DESIGN,

OPERATING HISTORIES, BND INSTRUMENTATTION SYSTEMS

Presented by: D F SHIPLEY
Manager of PFR Engineering

Figg T—1—1-—1
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The design parameters for the original steam generators are as

follows.

Shell

Material

Design pressure
Design temperature
Allowable stress
Inside diameter

Height (approx)

Tubes

Material

Design pressure
Design.temperature
Allowable stress
Outside diameter
Wall thickness
Number per unit
Pitch

Length (average)

Heat Capacity
Sodium flow rate

Sodium velbcity in
tube bank

H

kg/sec

s

C2-18

Rev, 1
Evaporator | Superheater | Reheater
2Vazcr 1m0 321 ss 321 ss
3.45 3.45 3.45
385 560 560
103.5 ' . 91 91
1.83 1.52 1.37
5.64 7,93 6.22
21/42 Cr 17Mo 316 ss 316 ss
18,97 18.6 3.63
470 563 563
120.3 85.4 85.4
25 15.88 20,64
2,3 2,03 1.22
498 - 520 448
38.1 28.96 27
9.81 14,05 10,21
111.93 80,3 3
951 _686 265
2,62 1.58 2.8 .
FIG 2

Figg T—-1—1—3
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The design parameters for WU24, spool jeces and RTBs are as follows: :
) SPOSL P BAEER

O ANT
Evaporator RTB " RIB Evapdratory
WU24A Superheater Reheater i\MIiUM
Spocl Piece
" Material V4 acr 1m0 | 2Y47 cr 12M0
+316 ss +316 ss
Design pressure MPa Nort . 1.03. 1.03 Not
Design temp. °g Applicable 420 420 Applicable
Allowable stress N/mm? 123/99 123/99
24z ce/316 | 2V47cr /316
. 88 8s
Inside diameter mm f 1642,5x1524 1582.5x1371.6
Height (approx) mm , - 965 965
Material - 9%Cr 17Mo | 9%Cr 1%Mo 9%Cr 17Mo 2V4zcr 170
. (unstab.)
Design pressure MPa 18,97 18,97 3.97 18.97
Design sodium °C 470 530 530 470
inlet temp
Allowable stress N/mm? 215 75 75 132
Design life hrs | 150,000 150,000 150,000 150,000
Internal dia m 20.4 15.9 20,4 20
Wall thickness  mm 2.3 © 3,05 1.8 2.5
No, per unit 498 264 216 498
Pitch mm 38.1 44 43 ; 38.1
Length (average) m 9.79 17.25 14.17 7 9.79
Heat capacity MW - 62.6 28.3 _ -
Sodium flow rate kgfsec 993 672.9 320.1 951"
c2-19
FIG 3

Figg T—1—-1—-4
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ISSUE 1-71/75%

FIG. 1LH.2. 1.

OFFICIAL USE ONLY

STEAM | WATER
QUTLET NOZILE

. SODIUM

AE248855

HYDROGEN DETECTOR
{2 OFF}

GASKET ASSEMBLY

HEADER DRAIN NOZILE

GASKET

ANTI=GAS ENTRAINMENT TUBES

TUBE GRID PLATES

SODIUM  PHASE
HYDROGEN DETECTOR

|

SEALING BELLOWS

TUBE BUNDLE

WATER INJECTION NOZILE

SCDIUM INLET NOIZLES
FROM SUFERHEATER .7
{6 OFF] ’

FLOW iKHIBITORS <

SODIUM MIXING CHAMBER /L l
' S0DIUM DRAIN NOIZILE

Flg, 4

- Il 1 ' ;g| k] .
SOOIUM OUTLET NOZILE ‘ “ .-: T '}: YRR :
_ 8 Bh - | 115 \ / . [ =

WATER INLET NOZILE

LEVEL GAUGES (4 OFF)

Vcwsuae HEAD

ARGON INLET

50DIUM  FLOW

DEFLECTOR

SODIUM / WATER
REACTION OUTLET
NOZILES |4 OFFI

INNER SHELL

SODIUM INLET NOZILES
FROM REHEATER (6 OFF)

EVAPORATOR

Fig. T—1—1-5
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AE248815

ISSUE 1-7/175

VESSEL GUIDE
BLOCKS

FIG. 1. 0.4, 0.

SODIUM LEVEL GAUGE (2 OFF)

/.—

HYDRGGEN OETECTORS

SODIUM CUTLET (6 OFF) \

WATER INJECTION NOZILE

SQA0IUM INLET NOZILE

R
OFFiCIAL USE ONLY
STEAM INLET
HEADER
STEAM QUTLET
HEADER
ARGON INLETS
-'/
I . //
GLOSING FLANGE
/
s !’
< |
‘ EXPANSION GAP
- ) \ SODIUM LEVEL
= - l ; ' = GAUGES L2 OFF)
) )
A N : }
) phe e A N gl . INNER  ANNULUS
a1 I { =z | A OF TUBE BUNOLE
[ 1]
5 P T OUTER ANNULUS
t"i,i 1ERE OF TUBE BUNDLE
q bl 41
il
|l :
7 GASKET ASSEMELY
H 40
L i

1.2 i - A SCDIUM_FLOW

! - . OEFLECTOR
| A
prn Lol Er
1 : g i \A\r&fuas GRID
d p " Y
:
:

1t

\ PLATE
SEALING

BELLOWS

N T

4
7T el
o VAT ke o _odemie e

SODUM/ WATER REACTION
OQUTLET NOIZLE

.,...
T
£ ITTL

) SODIUM DRAIN NQIZILE
4

A\

ORIGINAL TUBE BUNDLE
FIG.5 SUPERHEATER

THERMAL SLEEVE

Fig. T—1—1—6
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STEAM INLET

STEAM QUTLET
OUTLET HEADERS

INLET HEADERS

QUTER SEAL PLATE

SPOOL TRANSITION PIECE

T\ SODIUM QUTLET

SODIUM / WATER
" REACTION NOZZLE

SQDIUM INLET

fll Il L exisTive vesseL

Figure 6 REPLACEMENT TUBE BUNDLE

Fig. T—1—1—T
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EARLY HISTORY

OPERATIG..

@ NUMBER OF LEAKS: 1

@ DATE: OCTOBER 1374

@ LOCATION: ABOVE SODIUM
OUTER TUBE
PLATE

@ REPAIR: 14 TUBES
PLUGGED

@ HOURS OF OPERATION:

28410

® CCTLAST Na FiLL:
JULY 1986

LEAK

REPAIR

27 OCTOBER 1986

ABOVE SODIUM
LEAK

/?)ccuaao DURING
PLANT START UP
i KE%3ne

ZNTHIM TSI Kk
BHEIO LW EETY-"

R.T.B. INSTALLED

@ START OF OPERATION:
JANUARY 1987

@ HOURS OF OPERATION:
1162

© NUMBER OF LEAKS: 1

@ HOURS OF OPERATION:

27 FEBRUARY 1987

R.T.B. TO BE INSTALLED

@ DATE: JANUARY 1975 UNDER SODIUM START OF GPERATION:
+ 28424 LEAK )
JULY 1987
@ LOCATION:; ABOVE SODIUM OCCURED DURING
gﬁﬁg TUBE ® CCT LAST Na FiLL: HIGH POWER
= | AICHST 1988 BRERATION
® REPAIR: 10 TUBES
PLUGGED
CRACK REMOVED
27 APRIL 1987 iN A SAMPLE
NO PREVIOUS
HISTORY OF LEAKS @ CCTLAST Ma FiLL: Mgn‘\\?gsg‘sl. INSERT WELDED IN
AUGUST 1986 CIRC. WELD

REPAIR COMPLETE:
dUNE 1987 -

G00-68 0096NL ONd
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Activily

RTB INSTALLATION PROGRAMME

Rehaalar delivarad

1885

1986 1987

l 1984

Mld]J

[a[s]o[nfofi[FIM]aM]s]3]ATs[o]nfo

J]F[Mfa[M]1]a]Aa]s[o]n]D J|FJlM[A[M[J|JlA[Si

REHEATERS
SODIGM SIDE COMNECTION

RELGCAD 7

q 13 WEEKS
( Planned Shutdown }

REHEATER 3

13 WEEKS
q RELOAD 8

STEAM SIDE CCGHNECTION ( Planned Shutdown]
SUPERHEATER 3 s
COMPLETE 2 cct operation )

SUPERHEATER 2

& REHEATER 2
COMPLETE

10 WEEKS
{ with 7 weeles of
2 ect operation )

SUPERHEATER 1

& REHEATER 1
COMPLETE

10 WEEKS , %
{ with 3 weeks of D
2 cct operatjon ) :

G00-68 0096NL IONd
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PFR EVAPORATOR REPAIR SLEEVE

K 05"} | [
' EXPLOSIVE WELD
TYPICALLY 05" LONG
TUBEPLATE '
. 16!1
9% Crido
SLEEVE — [} |
il ‘_‘—_'_"_‘—-—-—._
Il W L B
MV \\
\
-k 0\ i —
EXISTING: \
i AL ORIGINAL WELD
3.5" .
L2122 b I —BRAZE STOP GROOVE
EXPANDED [
LEN?;!’-] () > BRAZE CIRCLIPS
e .
[ ]
BRAZED JOINT
ZONE

Fig. T—-1—-1-10
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— (ﬁ_;,_bl) <ld

1 #~ Braged

UEERCY

———

ORIGINAL WELD - | THERMAL SLEEVE

Fig. 7T—1—-1—-1
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STEAM GENERATOR
Vessel Repair Techniques - 1987

DEFECT FOUND — Reheater 2 - Leaker

Reheater 1 - Ultrasonic Detection
Superheater 2 - Ultrasonic Detection

PLANT STATE — Tube Bundles removed
Vessels cleaned of sodium

Internal vessel access

200 mm

ry )
o‘y
R

gL
Lol AN

WELD

45 mm\i‘_.

' \\ 150mm.
DEFECT FOUND

DEFECT REMOVED

WELD BUILT UP

Z5

.
v

~
7
BACKING PLATE —% ?
2 Z

I0HY Rewmoyed -

A

INSIDE VESSEL

FINAL INSPECTION LEVEL ~ Ultrasonic Examination
Radiography
Dye penetrant test

B — F5

Fig. T—1—1-12
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Braze Raservoir |

“
T
;

-

b
.

., '

vy
25mem
Braze \o..w:..

A
-—

faund 5\'chm '('u\':(.‘.

’ 5 i / 221-* “/(:T;-Ey o il
s /,
NIid :i
. , b
W | %
N . \ ' O
11 L TThermal Sleeve N
/!
’
N

S piaot Weld

Seolplale

THERMAL SLEEVE (REHEJXTER)

Fig. T—1—-1-13
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STEAM GENERATOR
Vessel Repair Technique - 1988

DEFECT FOUND - Reheater 1 - Leaker

Superheater 2 - Ultrasonic Detection
( grown )
PLANT STATE — Tube bundles in vessel

No internal access to vessel
Vessels argon padded

/

¥

CUTTER

400mm dia.

ULETARUUNUURRARANRNY

OULENLI

@UT (RFYYY D T iz 439078 L)
QUTT sy
Q@B % & 2
A @@%&-;f:éczg@u'p
FINAL INSPECTION LEVEL - Full volumetric inspection =~ ® F 4 =

Gamma Radicgraphy
Dye penetrant test

T % = 85

Fig T-1-1-14



PNC TN9600 89-005

COMMERCTIAL IN COMELDENCE

OUILINE OF TUE AUIOMATIC PROIECLION SYSTIH YUAY OPERMES 1IN iIE
EVENT OF A LARGE SODIUM WATER RIEEACYION

Isolate the  steam/water  sides ol Lhe
evoporalor, muperheater and rehealer,

Depressutise e evaporator o alwospheric
pressure using fast and slow dunp valves.

Depressurise the superheater Lo altwospheric
pressure using the slow dunp valves.

Bursting disc
cross wires ]
brolen shut e sodivm isolating valves.

Expangion Lank

high pressure Duny the sodium,

Reduce the sodium  clrcuit Lo abmwsphoric
pressure,

shat down the reacltor.

shul: down the turbine.

Fig. T—1—1-15
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STEAM/ WATER VALVES OPERATED BY FsO PROTECTION SYSTEM

A I
'mmm:
| STEAM DRUM MAINTENANCE ISOLATORS
' é A A
~AST ISOLATION e
X/”X FAST ISOLATION X’ X
ép‘a ,
SLOW DUMP i SLOW DUMP
—D<= <~ =< ——D<—
: < —D-
 FAST BUMP ~AST DUMP
SUPERYEATER EVAPORATOR REHEATER

At B

G00-68 0096NL ONd
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e e

DUMPS &
. ISOLATES
. STEAM
! CIRCUIT

R T Y G T e M e P T T

ey

TR P

ING DISC i

Fig. 7—1—-1-17
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SHEAR PIN

SUPPORT DOGCR

KMIFE CROSSED
WIRES
SODIUM S lg%  DuMP TANK
SIDE BURSTING DISC = | SIDE

1

------ = AT a
/"—.—l \ :
SODIUM i . \
DETECTOR INTZRSPACE

{Pressure menitcrad)
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T-1-2 Det_ailed description of Superheater 2
incident, Plant State and Plant

response



3ATCH COLD

DATE CIRCUIT

CIRCUIT

PLUGGING

‘H,0 CONTENT

IMPURITY

hareive” | "RERLiED | sobioy fawe| "R | 0 coTeNT | 10 co REOUED
1 28/3 300 7
2 3/4 300 100 2.9 5
3 8/4 330 315 120 | 34 5
4 | 184 | 330 | 290 | 90 | 188 | 7
5 28/4 300
6 135 | 370 P~

l—Z‘_—l—}. B1 4

G00-68 0096NL ONd
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CUT AND BLANK OFF

QUTLET

INLET

LEVEL CONTROL
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EMPTYING LINE (BLOCKED)

/

o]

EFFLUENT STACK

/

REMOVABLE PLATE

NEW

- FILLING
SYSTEM

DIRTY DUMP TANK

-

P

MAIN DUMP PIPEWORK (BLOCKED)

NEW
EMPTYING SYSTEM

G00-68 0096NL ONd
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SUPERHEATER 2 TUBE LEAK
AND SUBSEQUENT CLEANUPS

ONONONIOROCRORORC,

LEAK EVENT

REQUIREMENT TO CLEAN. UP CIRCUIT
METHODS OF CLEANING UP THE SODIUM
BLOCKING DIP LINES

SUPERHEATER GAS PIPEWORK AND
BURSTING. DISC BLANKS

'SODIUM FILLS AND CLEANUPS

SODIUM LEAK AT REHEATER

FUTURE PROGRAMME

Fig. T—1—-2-4



S.C.T.L.

G—2~1—1 B14

DIRTY
DUMP TANK

“CLEAN
DUMP TANK

EXP. TANK
EV.
t
S/H R/H
| ' SODIUM ISOLATION VALVES
5
[ l
s X .
| 5 SR

IHX

THX
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~
STEAM QUTLET
HEADER

ARGON INLETS
- /’

CLOSING FLANGE

-/- .

4
HYDROGEN DETECTORS :

EXPANSION . GAP

/ SODIUM LEVEL

— GAUGES [20QFF)

INNER AMNULUS
(1 OF TUBE BUNDLE

HI‘--.. QUTER ANNULUS

SOOI CUTLET 14 QFF) OF TUBE BUNDLE

.
T“GASKET ASSEMBLY

SO0IUM _ FLOW

W, 4\ CEFLECTOR
: .‘.%‘UBE GRID
i - PLA

E \ LATE
o
| [ SEALING
; Lo BELLOWS
. i o i
t H
- 1
N A E
< i
n LiF"
3 .
“n'l
¥ e
| I— A
' 3
. 1
itk
;.
1 8
VESSEL GUIDE, __@ ;
BLOCKS i ¥
| : SOOIUM/ WATER REACTION
: i OQUTLET NOIZLE
WATER INJECTION NOZILE . q
L/
N o
i
h
)
SODIUM DRAIN NOZZLE

SO0IUM TNLET HOZILE - -
: i ! * G-—;/

THERMAL SLEEVE

Figg 7T—1—2-—6
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L—2—-1—}1 B4

24" HEADER
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1ud LiNE

~

BURLTING
DEVICE

N7
t

EVAPORATON

N

>

REHEATER

VEMT CTACK LID
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FOLLOWIMG A
REACTION

ao” :.lut]

CYCLONE

- COLLECTING -
TANK

SODIUM EFFLUENT SYSTEM
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Sequence of Events

09:40:00 Dip in Superheater level { thought to be connected with trip )
09:43:27 First change in IHX ﬂcm;

09:43:31 Firg; rr¢§ccnrde.=ed char{ge in expansion tank pressure (to 1.7
09:43:34 Changes in pump cover gas pressure

09:43:34 Changes in levels in all vessels except superheéter ocutlet
09:43:35 Hydrogen detected by bulk phase katherometers. ( this

time has been corrected for estimated response time of
the detection system ).

09:43:38 Further Changes in IHX flow

09:43:43 Changes in expansion tank pressure to 1.9 bar
09:43:44 First expansion tank pre;sure sﬁitch ﬁred (2.28 bar)
09:43:45 Change in expansion tank level

09:43:46 Further changes in vessel levels

Sodium detected in SH bursting disc interspace

09:43:48 Bursting disc X wire trip

09:43:489 Sodium detected in RH and Evap 4 bursting disc
interspace

09:43:52 Sodium detected in Evap 3 bursting disc interspace

Fig. T—1—2-38

— 100—



—Ior —

6—z—1—L1 Bid

OUTLINE OF THE AUTOMATIC PROTECTION SYSTEM THAT OPERATES
IN THE EVENT OF A LARGE SODIUM WATER REACTION

Bursting disc
Cross wires
broken

Expansion tank

high pressure

isolate the steam/water sides of the evaporator,
superheater and reheater.

Daeprassurise the evaporator to atmospheric
pressurae using fast and slow dump valves.

Depressurise tha suparheater to atmoapheric
pressure using fast and slow dump valves.

Shut the sodium isolating valves.

Dump the sadium.

Reduce the sadium circuit to atmoépheric prossurg.

Shut down the reactor.

Shut down the Turbine

* ot {(HOL 09: &['\me d{ { wmel ((Su'{‘

G00-68 0096NL ONd



—&0I —

Ol—-¢—1—1L Btd

Sodium & gas

’3\5 e pressure
) 2.4
AS Bar ABS ®
Levels 2.0
MM = B
BRANSION TANK 1.6
1400_..,_PRESSUR
PUNG PRESSURE - |
1200__] .
1.0
1000_] PLM@ LEVEL 1 '
" '*"_130
SH STEAM PRESSLRE Steam
800__! , Pressure
: 'y BAR V
el ‘ ';:’:- _ 0
600 o
DOANSIONTANE e
—EV-INLET P
400 ~EY-OUTLET
SH-OUTLET -
K TRLEY 2
200 ST
7
a— x .
| . ' | | l ] ]
09:43:00 10 2120 130 :40 310 220 30 :40

H4N9I4 930N dea0D

G00-68 0096NL ONd



PNC TN9600 89-005

PR

Fene

e

Fig. 7T—1—-2-1
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2 CIRCUIT OPERATION AT 150 MWe

¢ CORE INLET 420°C

e CORE OUTLET 530°C

Corrosion rates

Bl 4

Sodium temperature °C —>

—2—-1-1
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T-1-3 Calculation of Event including
d.e_scription of ARK code
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DESCRIFTION OF THE ARK CODE

RESULTS 0OF ARK CALCULATIONS TO DETERMINE
THE LEAKRATE HISTORY DURING THE FIRST
FHASE OF THE SHE LEAK

RESULTS OF GCALCULGTIONS TO DETERMINE
THE IHX FRESSURES EXFERIENCED DURING THE

SHZ LLEAK

DESCRIFTION OF THE CALCULATIONS CARRIED

OUT TO INVESTIGATE THE EFFECTS OF
MULTIFLE TUERE RUPTURES INMN AN EVAFRFORATOR

DESCRIFTION OF THE WORMK IN HAND TO FRODUCE
A FULLY QuUALITY ASSURED VERSION OF
THE ARK CODE

Fig. T—1—3—1

— 107~
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DESCRIFTION OF THE OoRK CODE

1—-D MODELL ING OF A NETWORK OoF FIFES AaND
COMPONENTS

FLUIDS MODELLED: LIGQUID — INCOMFRFRESSIERLE

GAS ' — INCOMERRESSIRLE
IN FIRST VERSIORN

= COMPRESSIELLE
IN CURRENT VERSION

TWO—~FPHASE — INCOMERESSIERLE
IN FIRST VERSIORN

— COMPRESSIERLE
IN CURRENT VERSION

INTERFACES EBETWEEN DIFFERENT ZONES OF FLUID ARE

TRACKED THROUGH CIRCUIT
NO MIXING BETWEEN ZONES WITHIN A/ FIfFE

GAS AN LIGQUID MIXING AT A JUNCTION MIX
TO FORM A HOMOGENEOWUS TWO—FHASE MIXTURE

DOWNSTREAM

Fig T—1—3-2
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> el
’ AN
M
Ligun GRS )‘( L1Quid GRs
i
,»J
[
=D MixinNs No
Miung Mixiv e
Two-
PHASE
A%
No
Mixing
L Quio

Fig. T—1—3-3
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COMPONENTS MAODELLED: BIRES
GAS SFPACES
VALVES
=TI =
BURSTING DISCS

CONSTANT FRESSURE
SOURCES/SINKS

SODIUM—WATER REACTIONS:

CHOICE OF REACTIORN

CHOICE aF GAS TEMRERATLURE
STEMANM DUMPE MODELLED
EFFECT OF CHANGE IN
SODIUMSIDE AND

STEAMSIDE ~ARESSURES ORN
LEAKRATE CALCULATED

GASES IN GAS SEACES OR FPRODUCED BY LEAMS CAal
HFE ISOTHERMAL AR aDIARATIC

Fig. T—-1—-3—4
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RESUL. TS OF ARM CALCULATIONS TO DETERMINE
THE LEAKRATE HISTORY DURING THE FIRST
FHARSE OF THE SHEZ LEAK

MODELL ING ASSUMRTIORNS:
INITIAL GAS SHEACE VOLUMES IN THE CIRCWIT

WERE AS INDICATED FROM THE FFR EDR
DRTA FOR THE FERIOD PRIOR TO THE LEAK EVENT

THE SECONDARY CIRCUIT FUME WAS DELLIVERING
ITS NOMINAL FULL SKEEED HEAD

THE LEAMK WAS SITUATED IN THE INLET OF THE
SUFERHEATER

THE STEAM REACTED TO FORM HYDROGEN AT THE
SODIUM TEMFRERATURE .

THE HYDROGEN FORMED WAS ASSUMED TO BEHAVE
ISOTHERMALLY

HRlLF A mMOLE OF HYDROGEN WAS FERODUCED FOR
EACH MOLE OF STEAM INJECTED [IE THE REACTION
OCCURRING WAS THAT TO FORM KNaOH3

Figg T—1—-3—5
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GAsS SHERAaCE VOLUmES
THE SUFRFERHEATER =

AND PRESSURES AT THE

S e T Sy e SuT i e —— ———————— — AT 7oA (it ookl e i s e . e el e e . i el AR ek, eliid Al L k. MUAMS S i — ——— ——

EVRARRORATOR INLET

QUTLET
SUFERHERTER INMLET
OQUTLET
REHEATER INLLET
oOUTLET

EXFANSION TANK

SUME TANK

Q. 3= Cu
O. 33 Cu

. 18 Cu
Q. 11 Sz

e DU 1= R g I 4
. 1E Cua

==L 0 Cu

2. 25 Cu
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Rehegler

O = Node Number

Evaporator Superheater PUéu
2 i@
@) @O
@
/_/ ®
@
1
®
% @ @
Q e Bursting Disc 'y
T ‘ l THX's l
® _

FIG.2 SECONDARY CIRCUIT MODEL
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0] + + } ¥ 4 4 ¥ $ ﬁ. ¥
o e & 5] 10 12 14 18 18 20 =324 24 28
TIME (secs)
EXP TANK - 0-1 kg/s-over 20 secs

Figg. T—1—-3-9
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RESUL.TS OF THE CALCULATIONS =

DUE TO THE FACT THAT THERE IS VERY LIMITED .
FLAaNT DATA IT IS NOT PFOSSIRLE TO EE DEFINITIVE

A LESK GROWING FROM ESSENTIALLY ZERO TO 1 KG/S
IN A FERIOGOD OF 0SS AGREES REASONAERLY WITH THE
FLANT DATA: IE THE EXFESNSITION TANK AanND Ui ‘

TANK FRESSURES

SUCH A LEAK EBEEHAVIOUR IS PREDICTED BY ARK TO
RUFTURE THE SURPERHEATER BURSTING DISC AFTER

228 WHICH IS IN REASONABLE AGREEMENT WITH THE
ASSUMPTION THAT THIS EHASE OF THE LEAK LASTED

FORrR =63

Fig. 7T—1—-3~10
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RESUL TS OF CALCULATIONS TO DETERMINE THE IHX
FFRESSURES EXFERIENCED DURING TRHE SHE LEARK

MODELIL.ING ASSUMPRTIONS =2

THE INDICATIONS DURING FOST LEAK CLEAN—URD WERE
THAT THE MAJORITY OF THE STEAM INJECTED WAS
UNREACTED

THEREFORE IT WAS ASSLIMED THAT THE GAS
PRESSURISING THE UNIT WAS UNREACTED
STEAM WHICH WAS ASSUMED TO REMAIN AT 773K—

THIS IS REGARDED AS EBHEING FESSIMISTIC-
IT IS EGUIVALENT TO ASSUMING THE NMaOH REAGCTION

TWITH HYDROGEMN AT 1S46K

IT WAS ASSUMED THAT THE FLOWRATE THRQUGH A
FRILED TURE WAS 1 HKE/S AT THE Full SURERHEATER
FRESSURE OF 130 EBARS : .

THE INITIAL mMAasSs OF STEAM IN THE ISOLATED
SUFERHEATER WAS QASSUMED TO EBE 1&0 KG

IT WAS ASSUMED THAT THE ONLLY ESCAFRE ROUTE FOR
STERM WAS THROUGH FAILED TURES INTO THE
SURERHEASTER—IE NGO STEAM DUME

IT WAS ASSUMED THAT THE LEAKRATE RPER F'F%II_ED
TUEE WAS PROFORTIONAL TO THE STEAM FPFRESSURE
WHILST THE FLOW WAS CHOKED AND FCROFORTIGONAL
TO THE FPRESSURE DIFFERENCE WHEN IT EBEECAME
UNCHOKED

THE STEAM FRESSURE WAS ASSUMED TO E=
FROFCRTIONAL TO THE REMAINING MASS

Fig. T—1-3-11
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TWO CASES WERE EXAMINED:

EEST ESTIMATE FINAL ESCALATION—
FRODUCES SO0OD FIT TOo STEAMSIDE
FRESSURE HISTORY~ DESCRIERED INM
LIMET FAFRFER

CcCARsE 1

CASE &: FPFESSIMISTIC FINAL ESCARLATION—
ASSUNME =20 TUERES FAILED WITHIN
FIRST SeECcoND aF THE FINAL
ESCALATIAON

IN BEOTH OF THESE CASES THE INITIAL FHASE WAS
MODELLED AS A LEAM GROWING FROM ZERO TO .
1 KGrs OQVER m FPFERIOCOD OF 4 S WITH THE&E FINAL
ESCALATION STARTING 9 S AFTER THE LEAK STRARTS—

THIS IS A FESSIMISTIC INITIAL BEHAVIOUR
EUT IT Has LITTLE EFFECT ON THE FPRESSURES
EXFERIENCED BY THE IHX DURING THE FINAL

ESCALATION—

THIS FPESSIMISTIC INITIAL FHABE WAS CHOSEN
TO REDUCE THE LENGTH OF ARM CRALCULATIONS

REQUIRED

Fig. 7—1-3-13
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NO OF FAILED TUBES

45

40 T
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0 1
25 T
20 +
15 T

1o +
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Fig. T—-1—-3-14




SUPERHEATER STEAM PRESSURE (bars)
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— 121 —

20

Fig.

22 24

7—1-3-15

28
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PRESSURE (bars)
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NO OF FAILED TUBES
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SUPERHEATER STEAM PRESSURE

140

120 -

100 +

)

80

40

20

2 PR 8 10 12
TIME (secs)
PESSIMISTIC FINAL ESCALATION
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14
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Figg T—1—3-20
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PRESSURE (bars)
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PRESSURE (bars)
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14
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ThRip
2 . 6 g ) 12 1s 16 18 20
_ : TIME (secs)
IHX = PESSIMISTIC FINAL ESCALATION

Fig. T—1—-3-23
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RESULTS =

CRAasEeE 11— EUQSTING DISTS ARE FPREDICTED
TO RUFRFTURE QS FOLLOWS—

SUFRFERHEATER — AT THE INITIATION OF .
THE FAILURE OF THE SECOND TURE

REHEATER - Z.1 s AFTER THE
SUrRFERHEATER DISC

EVARORATOR INLET — 3.55S S5 AFTER
THE SUFRFERHEATER DISC

— FEAMK IHX PRESSURE = 10O.5 E&ARS ABRSOLUTI

CAsE = — BURSTING DISCS ARE ﬁREDICTED
TO RUFRFTURE AS FOLL OWs—

SUPERHEATER — AT THE INITIATION OF THE
FAILURE OQOF THE SECOND TURE )

REHEATER - 1.1 S AFTER THE y
SURERHEATER DISC

EVAFORATOR INLET — 1.1 S AFTER THE
SURERHEATER DISC

— FEAK IHX FPRESSURE = 11.5% EARS ARSOLUTE

Fig 7T—1—3-24
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‘TONCLUSIONS FROM THESE CRLCULATIONS TO
DETERMINE THE IHX FRESSURE DURING THE
SUFRFERHEATER LEAK ’

e AR T — — T T S T— — ki LA W— —— ————— TTW S T b SLLAS WY M St YRR TERTP Py ) LN S — tt xS i

THE BEST ESTIMATE OF FEAK IHX FRESSURE IS
10.5 BEARS ABSOLUTE. A RESSIMISTIC CALCULATION
WHICH IS TOD EXTREME COMRPARED TO FRLANT DATA
ELACES AN URFER BOUND OF 11.5 EARS ARSOLUTE.

IT IS CLEASR THAT THE ITHXs DID NOT EXFERIENCE
CPRESSURES IN EXCESS OF THEIR NORmMAL DESIGN
LLIMIT QF 1S EARRS. )

Fig, T—1—3-25
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DESCRII:'TIGN aF THE CALCULATIONS CARRIED, QUT
TO INVESTIGATE THE EFFECTS OF MULLTIRFLE TUEE

RUFTURES IN AN EVAFORATOR

LEAK IN SURERMEATER 2 INDICATED THAT MULTIFLE

TUEBE RUFRFTURES MUST EE CONMSIDERED

THE DEA OF 1 DEGF IS NO LONGER VALID

MULTIFLE TURE FAILURE INCIDENT IN AN EVAFRFORATOR
WOULD EE MORE SERIOUS THANM IN THE SURPERHEATERS

LLAarRGER EORE TUERES
WATER IN TURES RATHER THAN STEAM
. .
LEAMRATE RFER DEGF IN SUFRFERHEARTER =

LEAKRATE FER DEGF IN EVARFORATOR =

1 Kers

1S HKers

THEREFORE IT WAS NECESSARY TO CALCULATE THE
FRESSURES EXPFPERIENCED BY THE IHXS DURING

PMULTIFGE TUXRE FAILURE INCIDENTS IN AN

EVaAFORATOR

TT WAS NECESSARY TO DETERMINE THE CONSEGUENCES

OF FRILURE TO OFERATE OF THE VARIOUS
COMFONENTS IN THE FROTECTION SYSTEM:

IsOoLATION OF eVAFRFORATOR FROM STEAM
SADIUM ISALATION VALVES

OFERATION OF HURSTING DIsSCs

—132—
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(O = Hode Mumber

Rehealer ‘ Evaporafor Superhegher Pump
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®
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® ® ®
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‘f v | tHx's
® ®
FIG. 2 SECONDARY CIRCUIT MODEL
Fig. T—1-3-27
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FPDDELLING ASSUMPETIONS:

NO REACTION— STEAM AT &Q0OK—

THIS IS EQUIVALENT TO ASSUMING THE
NaOH REACTION FPFRODUCIRNG HYDROGEN AT
1=200K

THIS ASSUMRETION WAS CHOSEN SINCE THE INDICARTIONS
WERE THAT THE MAJORITY OF THE STEAM INJEZTED
LURING THE SUFRFERHEATER & LEAK WAS UNRERCTED

THE STEAM WAS ASSUMED TO EE ISOTHERMAL

THE LEAKRATE FER DEGF AT FULL EVAFPFORATOR

WARATERSIDE FRESSURE IS

13 KG/75: CONFIRMED EY CRLCULATION /AND
EXFERIMENT

THE PRESSURE ON THE WARTERSIDE WAS
PROFORTICQNAL TO THE REMAINING
MAassS OF STEAM

THE INITIAL MASS OF WARTER WAS REDUCED
EY THE AMOUNT THAT HAD ENTERED THE"
EVAFRORATOR AND EBY THE AMQUNT THAT HAD
REEN VENTED RBY THE STEAM DUMPE SYSTEM
TO CARALCULATE THE INSTANTANEDUS MASS
REMAINING

THE MASS FILLOWRATE OF WATER/STEAM THROUGH
THE DUMP SYSTEM WAS ALSO ASSUMED TO BE
FROFORTIONMAL TO THE FPRESSURE

THE FLOWRATE THROUSH A DESF DURING THE
ANCIDENT EHEING MODELLED

WAS ASSUMED TO BE FFROFORTIONALL. TO THE
WATERSIDE FPRESSURE UNTIL THE

SODIUMSIDE PRESSURE EXCEEDRDED H&AaLF THE
WRTERSIDE FRESSURE AND THE

FLOW WAS ASSUMED TO BE NO LONGER CHORKED

WHEN THE FLOW WAS UWNCHORKED IT WAS
ASSUMED THAT THE LEAKRATE THROWUGH "M
DEGF WAS FROFORTIONAL TO THE FPRESSURE
DIFFERENCE

THE TOTRAL FL.OW AT ANY TIME INTCO THE
EVARORATOR WAS ASSUMED TOoO EE

THE FLOW FER DEGF APFROFRIATE FOR THE
WATER AND SODIUM SIDE CONDITIONS
MULTIFLIED &Y THE NUMEBER OF FRILED
TREES AT THAT TIME

SINCE MULTIFLE FARILURES OCCURRINGS QVER A
FERIOD OF A FEW SECONDS WERE EBEIMNG
INVESTIGATED. THERE WAS NO NEED TO USE A
COMPRESSIELE FLOW CODE TO ASSESS THE
ACOUSTIC FULSIE AT THE INITIATION QOF THE
EVENT— ACOUSTIC PULSES WOULD NOT SUMMATE
SINCE THE TURES WERE NAOT FRAILING
SIMULTANEODUSL Y

IT WAS ASSUMED THAT THE NUMEBER OF TUSES
FARILING INCREASED LINEARLY WITH TIME-
THE FINGL NUMKRER OF TURES FAILED anNDp THE
TIME INTERVAL OVER WHICH THEY FARILED
WERE BOTH VARIED DURING THE SERIES OF
CRLOUL_LATIONS CARRIED CUT

Fig. 7T—1—-3-29
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MAIN CONCLUSIONS FROM THE ARK CARALCULATIONS OF
IHX PRESSWRE DURING MULTIFLE TUEBE FAILURE
INCIDENTS IN AN EVAFORASTOR "

————— W T —— — — .} LS, Alis S L P — — —

PRESSURES EXFERIENCED EY THE IHXS ARE DOMINATED
BEY THE BACK FPRESSURE FPRODUCED BY THE EFFLLUENT
SYSTEM

THIS EBACK FRESSURE IS INFLUENCED EBY THE
RELATIVELY LOW SONIC VELOCITY OF THE TWO—PHASE
MIXTUWURE CREATED IN THE 3" MANIFOLD

THE MODELL.ING OF THIS TWO—FHASE FLDW IS
IMFRFORTANT FOR FPREDICTING IMX FRESSURES

THE ASSUMRTION OF HOMOGENEOUS FLOW IS
PESSIMISTIC:

RESULTS IN LOW FREDICTED SONIC VELOCITY

IN REALITY AT THE HIGH VYOID FRRARCTION
FMREDICTED, THE GAS WOULD FLOW (AT R MUCH
HIGHER VELOCITY, CLOSE TO THE SOQNIC VELOCDITY
OoF SINGLE-FRHASE GRS, AND THE LIGQUID WOULD
FLOW Aas A THIN FILMm ON THE FPIFRES WALLS,
WITH FPERHAPRPS SOME DRORFLET ENTRAINMENT INTOC
THE GAS STREAM

THE CLOSURE OF THE SQDIUM ISOLATION VALVES DOES

NOT INFLUENCE THE QUASI-—-STEADY FRESSURE IN THE
IHXS—

THESE VALVES ARE DESIGNED TO LEAK AND
THERESFORE DO NOT PROVIDE MUCH RPRESSURE
FROTECTION FOR THE IHXS

IF THE EVAaRORATOR IS CORRECTLY ISOLATED ~ROM
THE STEAM DRUM WHEN THE EBEURSTING DISCS ARE
RUFPTURED (TRIGBGERED EBEY. CROSS—WIRES) THEN FAILURE
OF Rl 498 TUBEES IN A TIME INTERVAL AS SHORT

AS 1. 0s WOULD NMOT RESULT IN THE MAX IMam
ALLOWARLE FRESSBURE IN AN 'IMX EBEING EXCEEDED

IF THE EVAFRORATOR IS NOT ISOLATED T ROM THE
STEAM DRUM, THEN FAOILURE OF 1S5S0 TUBRES IN &

PERIOD OF Ss WOULD BE ACCERLTRAELE, NHEREQS_ )
150 DEGFS IN 1.0s OR 498 DEGFS IN 1.0 OR 5. 0Os

WOULD RESULT IN UNRCCEFRTARLE IHX FRESSURES

IF THE EVAFRFORATOR IS CORRECTLY ISOLATED FROM
THE STEAM DRUNM AND 1S5S0 TURES FAIL IN A FERIDD OF
Ss, THEN ORNLY 1 OUT OF THE 4 EVAFRFORATOR
SURSTING DISS FAILING AT 3 TIMES ITs SET
FRESSURE, I8 SUFFICIENT TO FROTECLCT TH=E THXS

Fig. 7T—1—3-31
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DESCRIFPTION QOF THE WORK IN HAND TO FRODUWCE A
FULLY QUALITY ASSURED VERSION OF THE ARK COD&=

THE asSsSuUMPETIAONS IN THE CODE AND THE MODELLING
ASSUMBPETIONS USED FOR THE CALCULATIONS OF IHX
FRESSURES DURING MULTIRFLE TURE FAILURE
INCIDENTS IN AN EVARRFORATOR WERE REVIEWED EY AN
INDEFRPENDENT REVIEW TEAIM

[y

THE CODE /aND ASSUMRTIONS USED WERE FOUND TO
=E ValIiIb

THE ORIGINAL 1+& DEGF DEBEA FOR FFR ARND THE
LATER 1 DEGF DEA PRODUCED SUCH SMall. FRESSURES
IN THE IHXS THAT SAFETY WAS NOT INVOLVED

THE REGUIREMENT TO CONSIDER MUOLTIFLE F'FQILU-{-?EZS
DCCURRING OVER A FEW SECONDS INTRODUCES SAFETY

QUESTIONS

ARH WAS NOT DEVELORED FOR SAFETY COCALCULATIONS
AND HAD MO QUALLITY ASSURARNCE

IT WAS DECIDED THAT A MNEW VERSION OF THE CODE
SHOoOUL D RE DEVELCORED WITH FULL. QUALITY
ASSURANCE— QUIARK

THE SEUROFEAN SEPFACE AGENCY (ESAY SOFTWARE
ENGINESERING STANDARD IS EEING AFFLIED

THE OFFORTUNITY IS EEING TAKEN TO IMRROVE SOmE
OF THE MODELLING USED IN ARK, BUT THE MAIN
ASSUMPETIONS WIlldl. EBEE CARRIED OVER

QUARH WILL XE MADE UE FROM THREE CcCOoOpES:z

QUARK—I INPFWT PROCESSOR

(13

GUARRK—C CALCULATION,

QUARK—-O CQUTRUT FPROCESSOR

GUARK—I AND QUARK--0O WILL ALL0OW FOR GAa TO EBE
AFRFELIED TO THE DATASETS USED AND 'GUARK-—0O WILL
CLEARLY STATE THE VERSION NUMEBER OF THE CODE
BEING USED AS WELL AS INFORMATION RELATING TO
THE A STATUS OF THE DATASET WUSED

THE MODELLING ASSUMPARTIONS WUSED INMN QUARK-—C WIL L.
EE INDERFENDENTLY ASSESSED .

Fig. T—1-3~-32
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THE. ESA SOFTWARE LIFECYCLE IS AS FOLLOWS:

CONCERT FHASE: DETERMINITION OF THE USERS
: WISHES ’

RESULTS IN A& SORMAL
DOCUMENT SEEQIFEYING
THE REQAUIREMENTS OF

THE CObDE

USER REQUIREMENTS FHASE:z

RESUL. TS IN & FORMAL
DOCUNMENT SFECIFYING
HOW THE REQUIREMENT
WILL =2 IMRLEMENTEL

SOFTWARE REQUIREMENTS PHASE

ARCHITECURAL DESI&GN FHASE: RESULTS IN A FQRMAL
DOCUNMENT SrHEFECIFYING

THE 7TOrF LLEVEL OF
DESIGN OF THE CODE

DETAILED DESIGN AND FRRODUCTION FHASE :

RESULTS IN A FORMAL
DOCUMENT DETAIL ING

THE DESIGN AND .
TESTING OF THE MODULES

THE CODE IS FRODUCED

THE USERS MANUDAL IS
WRITTEN

TRANSFER FHASE: SYSTEM AND FERFORMANCE TESTING
VARLIDATION AGRINST EXFERIMENT
AND OTHER CODES - .

CRFERATIONS AND MAINTENANCE FHASE =

THE CODE IS USED ARND
KEFT UFR TO DATE

THE @A TEAM WILL ENSURE THAT

THE AGREED PFPROCEDURES ARND
BTANDARDS FOR THE BEROJECT aREs
USED )

THE REGUIREMENTS FRONM ONE BHASE
RARE MET BY THE RCTIVITIES DURING
THE SUESEQUENT FHASES

ENTERT}J_QL_ AUDITS AND EXTERNAL AUDITS WILL RE
CARARRIER QUT DURING THE FROJECT

THE TARSET FOR HANDING THE CODE OVER F ' =
I8 OCTO=EER 1930 on ue=

Fig. T—1-—3-33
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T-1-4 Examination of failed unit

Visual, Mensuration, metallurgical
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RESULTS OF INITIAL INSPECTION
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Fig. T—1—4-2
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.,

= Fig. T—1=~4-3
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Figg T—1—-4—4
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Figg T—1—4-~5
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INCIDENCE OF FRETTING DAMAGE AT
LOWER AVD POSITION

NO DAMAGE | 397 TUBES

RUB MARKS 109 TUBES
SLIGHT METAL REMOVAL 12 TUBES
SEVERE METAL REMOVAL 2 TUBES

- 62% THINNING WORST CASE

9—7—1—1 Bid
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Fig. T—1—4—1
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Fig. 7T—1-4-10
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Fig. T—1—4-11
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® IMDLLATES FRETTED TuRE

Figg T—1—4-12
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.. Fig. 7—1—4—15
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Figg T—1—4-16
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Fig. T—1—4-17
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T—1—4-18
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Fig. T—1—4-18
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7-15 Mechanisms for Tude Failure Progression
and possible explanations for

Supertheater 2 incident
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Huaber of Pailed Tubes
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COMMERCIAL IN CONFIDENCE

(a) Area in same orientation as the plane of rupture showing
wall thinning with superimposed channelling and interspersed
intergranular cracking over an arc of 12 mm length. x 20

TRANSVERSE SECTION IN PLANE 4 MM ABOVE THE TOP END
OF THE RUPTURE ON TUBE 27

FIGURE 3.
MS Note 200

Fig. T—1-—-5-—1
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COMMERGCIAL IN CONFIDENCE

{a) Unetched macro through mid-plane of rupture
showing some apparent wall thinning on both
cides of the plane of rupture end evidence of

channelling and significant intergranular

cracking on outer surface in the same regilon.
x &

TRANSVERSE SECTION THROUGH MID-PLANE OF RUPTURE ON TUBE 118

FIGURE 3.
M5 Note 209

Figg T—1—-5—8
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T-1-6  Measures taken to allow

further operation
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'THE PROBLEM |

e SUPERHEATER 2 LEAK FEBRUARY 1987
¢ MULTIPLE TUBE FAILURE ( 40)

e WITHIN SHORT TIMESCALE
( POSSIBLY LESS THAN 5s )

¢ WHEN TRANSLATED TO EVAPORATOR

© NO LONGER GUARANTEE THAT IHX WILL REMAIN

INTACT AFTER TUBE FAILURE
13%.

Fig. T—1—6—1
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o EXISTING SAFETY CASE 1987

L POSSIBILITY OF UNDER SODIUM LEAK VERY SMALL

I TIMESCALE FOR FAILURE PROPAGATION FOR SMALL LEAK ALLOWED

TIMELY SHUTDOWN BY EXPANSION TANK PRESSURE AND/OR
BURSTING DISC TRIP - 'KNOCK ON’ FAILURE MODEL

1t deaf - RAPID SEPARATION OF REACTING COMPONENTS

DEMONSTRATE THAT THE INTEGRITY OF THE 1HXs IS PRESERVED.

e FIRST RESPONSE

1 PRESSURES WITHIN THOSE PREDICTED FOR degtf
n PLANT SAFETY SHUT DOWN - LOGIC APPEARED TO HAVE WORKED

HI ONLY QUESTION - WHY HAD FAILURE OCCURRED?

e EXAMINATION OF SUPERHEATER 2
T 40 TUBES FAILED - LARGE FAILURE AREAS‘.
11 OVERHEATING
Il  THEREFORE VERY RAPID TIMESCALE
LEADS TO :

1 MONITORING SODIUM COOLING AS PUMP RUN DOWN { S/ AND R/H )

11 S/H2 WORST CASE OR CLOSE TO IT

nt EVAPORATORS - RELY UPON EXPERIMENTAL EVIDENCE WITH

WATER COOLED TUBES

e CAUSE OF INITIAL LEAK IN SUPERHEATER 2

1 FLOW INDUCED TUBE VIBRATION

11 PROBLEM RECOGNISED IN S/H AND R/H - CORRECTED IN RTBs
THEREFORE REPLACE ALL EXISTING S/H AND R/H WITH RTBs

Fig. T—-1—6—2
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® FURTHER ASSESSMENT.

© EVAPORATOR WORST CASE

¢ CANNOT GUARANTEE COOLING WITHIN TUBE
= HEAT FLUX TOO HIGH )

¢ PROPOSE ENGINEERING MODIFICATIONS TO
SECONDARY CIRCUITS AND EFFLUENT SYSTEM

e APPARENT CONTRADICTION WITH EXPERIMENTAL
AND THEORITICAL UNDERSTANDING OF
SODIUM/WATER REACTIONS

e RAMIFICATIONS, NEED TO BE SURE

® PEER REVIEW SET UP .

® AFTER DECEMBER - STATUS OF SAFETY CASE
- JAN 31st DEADLINE

® 3 SEPARATE SUBMISSIONS - ALL UNSUCCESSFUL .
® SWP DECIDES TO AWAIT OUTCOME OF PEER REVIEW .
9 RELIANCE OF ARK - NOT QA STANDARD

® STRENGTH OF SECONDARY CIRCUITS, EFFLUENT
SYSTEM AND IHX

® THEREFORE PFR SHUTDOWN UNTIL PEER REVIEW GROUP

REPORT AND FRESH SAFETY SUBMISSION BASED UPON PRG
1S SUCCESSFUL - END OF FEB ’ 88

Figg T—1—6—3
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FOLLOW UP ACTIONS

1. QA AND VALIDATION OF ARK
CODE

EXPTS

2. TUBE FAILURE ESCALATION
MECHANISMS
DEMONSTRATION

. STEAM COOLING OF TUBES
3. STRERGTIl OF SECONDARY SODIUM CIRCUITS ANRD EFFLUENT SYSTEM
&, REDESIGN OF EFFLUENT SYSTEM
5. INSPECTION OF EVAPORATOR TUBES
RELOAD 16 ALL TUBES IN 3 UNITS
6. CONDITION QF THE INTERMEDIATE HEAT EXCHANGERS

7. MAGNETITE CLEANING

. MECHANICAL "METHOD

8. FLOW LIMITERS
. COLLAPSING TUBE DEVICE

SPRING DEVICE
9. UNDER SODIUM HYDROGEN DETEGTION

10. BURSTING DISC ASSESSMENT

»  COMMON MODE FAILURE LIMITATION

Fig T—1—-6—4
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PROPOSED MODIFICATION TO DUMP SYSTEM

SURGE TANK
appr. 2m ¢

Existing position of these
2 Bursting Discs retained

REHEATER

EVAPORATOR
SUPERHEATER

o

205N L A

Effluent pipe
Figure 2

CYCLONE SEPARATOR

.

{0

///C%

TRy Floog

DIRTY DUMP TANK
{ below Lell {loor)
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STRUCTURAL INTEGRITY

Safety case includes assumptions about the state of components - how
valid are these with time - defines target performance parameters
(strength etc) for component

. Assessment of conditions being experienced by component - plant
measurements - how accurately must conditions be known?

. Assessment of original design - what were the original margins

. Structural integrity assessment of margins compared to operating
conditions and required performance - fitness for purpose

How can ST assessment be tested - what inspection is required - what
routine maintenance is required

. Benefits
. Demonstrate fitness for purpose — soundly based
.  Identify justifiable inspection and mazintenance programmes
. Provide lessons for future designs - ie what inspection
requirements need to be built in, what instrumentatiom is

required.

. Improved reliability

. First target - THX

Figp T—1—-6—-17
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PROBLEMS

® SPURIOUS TRIPS

‘Plant Conditions that will bypass the trip-:

CONDITIONS SYSTEM RESPONSE
1 Low Argon Pressure All 3 Circuits off line"
2 Low Sample Flow - Kath off line
3 Unauthorised access 10 e Kath off line

Control Panel

4 Low Loop Flow . —. Circuit off line
5 Low Sodium Temperature ———.— Circuit off line
in Loop '

6 Low Reference FIOW —e—emem———— Kath off line
7 Katherometer Block Kath off line
Temperature out of
Specification

Fig 7T—1—6-28
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721 Na/H:0 work in Japan related to
SGU Designs in MONJU and DFR



— S6T —

PNC/AGT-8 Information Exchange Meeting on Sodium Water Reaction, Dounreay, UK, March 15-17,1989

Na-water reaction studies
related to
SG design for Monju

Speaker: H.Hamada

Oarai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation

Japan

|-} —2—1 B4
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Contents

1 Selection of DBL for Monju and validation of its conservatism

2 Integrity of Monju secondary sodium system in case of DBL
accident

3 Development of leak detection system
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1 Selection of DBL for Monju and validation of its conservatism

1-1 Selection of DBL for Monju
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Tentative Selection
of (1+3)DEGs

Leak propagation test in SWAT-1,2 and 3

Development of LEAP

Validations of LEAP and conservatism of (1+3)DEGs by

leak propagation tests in 1/2.5 scale SG model (SWAT-3)

Procedure of DBL selection and validation ofiits conservatism
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1 Selection of DBL for Monju and validation of its conservatism

1-2 Features of the LEAP code
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------------------------------------------------------------------------

Small leak : :  Intermediate, large leak

L RRELRE \L ............. %

Leak propagation

----------------------------------------------

----------------------------------------------

Decrease in leak rate due to steam

blowdown
y
. _End of reaction !

LEAP calculates processes shqwn in [J.
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1 Selection of DBL for Monju and validation of its conservatism

1-3 Validation of LEAP
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TOTAL LEAK RATE {[G/SEC]

10%

10¥

108

10%

10k

107

LEAP Analysis
4

T

J SWAT-3 Run-14 Test

L 1

- !
50. 100. 150. 200. 250, 300.
TIME [SEC]

Comparison between LEAP and Test (Run-14)

Fig. T—2—-1-9
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1 Selection of DBL for Monju and validation of its conservatism

1-4 Evaluation of leak propagation in Monju SG
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TOTAL LEAK RATE {G/SECH

TOTAL LEAK RATE {0/5EC)

10t

e

[[+}3

10t

1o

103

10

tat- e 10t T

10

Initial leak rate ; 10,0 ¢/sec
Maximum leak rate : 25.5 ko/sec
Leak site : upper, helical, evaporator

a. 0. 100, 150, 200, 50, 9.
TIME (15E0)
Initial leak rate : 1.0 g/sec
Maximum leak rate ; 10,9 kg/sec
Leak site : upper, helical, evaporator
1 1 1] 1 1
0. &0, 10G. {50, 200, 250, 3.
TINE (SEC)

Examples of failure propagation analysis for

—205—

Monju evaporator
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MAXIMUM WATER LEAK RATE [kg/sec]

60 I ] i I ] I
50l 4 DEG |
Leak Site : Upper Tube Bundle Region
in Evaporator
o 3 DEG |
30 ® -
e (- NoNN ® ® ® 5 ) Z DEG
201 -]
®
on 1 DEG
10F -
0 T ' R N I T L
1072 107! 1 10 102 i0? 10" 105

INITIAL WATER LEAK RATE [g/sec]

Relation between Initial tLeak Rate and Maximum Leak Rate by LEAP Calculation
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Results

. The LEAP code was developed based on results of tube failure

propagation tests by SWAT-1, SWAT-2, and SWAT-3.

. Tube failure propagation test using a 1/2.5 scale model of the

Monju evaporator in SWAT-3 revealed conservatism of LEAP
as well as conservatism of the (1+3) DEGs DBL.

G00-68 0096NL ONd
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2 Integrity of Monju secondary sodium system

in case of DBL accident

2-1 Development of SWACS code
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SWACS

To analyze initial pressure propagation and quasi-steady state pressure
behavior in the event of large sodium-water reaction accident

* SWAC5KY7: initial spike pressure calculation of a helical tube leak

* SWAC5K2: initial spike pressure calculation of a downcomer tube leak
* SWACS5K : propagated pressure calculation in a secondary loop

* SWAC13 : quasi-steady pressure calculation |
*SWACI11 : waterleak rate calculation

SWAC11

SWACSHK7T
> SWAC5K2
Water Leak Rate
Pressure Wave
SWACSHK
> SWAC13
Water Leak Rate

Structure of SWACS

SG00-68 0096NL IONd
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2 Integrity of Monju secondary sodium system

in case of DBL accident

2-2 Validation of SWACS code

G00-68 0096NL ONd



— g —

J—1—2—1 Bid

Water tank
WH)  pressure relief line—

<\ Al

() Evaporator (Reaction vessel)

L.ayout of SWAT-3

= ectr ]
7~==j injection : Q.. 9

. 1
Sodium circuit point % Scale (m)
® ()
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2 Integrity of Monju secondary sodium system

in case of DBL accident

2-3 Evaluation of integrity of Monju secondary system

by SWACS
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Initial pressure Quasi-steady pressure
Leak rate 1 DEG 1+3 DEGs
SG O O
THX O O
Piping O O

Evaluation of integrity of the Monju secondary system by SWACS
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Results

. The SWACS code was developed to analyze initial pressure

spike and quasi-steady state pressure build-up following a
large leak sodium water reaction accident.

. The comparison of SWACS with the SWAT-3 test results

showed conservatism of the calculated results by SWACS.

. Evaluation by SWACGS revealed that ‘integrity of the Monju

secondary system is maintained even in the event of the DBL
accident.
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3 Development of leak detection system

3-1 Development of leak detectors
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Feasibility

Y

Y

Y

Oxygen-meter Hydrogen-meter Acoustic detector
Response test PNC Type Development

Principle test

Y

Y

In-liquid type

Y

Sensitivity and
Response tests | SWAT-2 ----
Y
Long-term |.....
il 50MWSG
Stablhty test Other testloops

Y

Y

In-cover gas type

Sensitivity and
Response tests

Y

Long-term
Stability test

Y

Leak Detection System in MONJU

Leak Detector Developn}ent
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3 Development of leak detection system

3-2 Development and validation of SWAC-10 code
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Features of SWAC-10

. SWAC-10 calculates response of in-sodium hydrogen meter

considering hydrogen transport in the secondary sodium
system. |

. SWAC-10 provides safety map which compares the curves of =

hydrogen detection time and leak propagation time.

G00-68 0096NL ONd



PNC TN9600 89-005

160

100% Load Operation |
Water Injection Point : Middle Leg
Injection Rate : 5.1 X 102 g/sec

$—t
W
=]

Ju—y
fu]
L=

2

Hydrogen Concentration in Sodium. (ppb)

60

0 2 4 6

Time after Water Injection (min.)

Caiculated and measured hydrogen
concentration following water injection
- into 50MW steam generator test loop

Fig. T—2—1-26
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3 Development of leak detection system

3-3 KEvaluation of response of in-sodium leak detector

by SWAC-10

G00-68 0096NL ONd
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Results

1. In-sodium hydrogen meter

1.1) PNC type Mk- IV was developed for Monju.
1.2) Satlsfactory results on sensitivity, response and
durability were obtained.

. In-cover gas hydrogen meter

Excellent operating experience was obtained. and was adopted
for Monju.

. SWAC-10 code

3.1) Validated by water injection test results in the 50MWSG
test facility.
3.2) Used to evaluate response of Monju leak detectlon system.
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AGTS8,/ JAPANESE Specialists’ Meeting on
Under Sodium Water Reactions,
Dounreay, 15— 17 March 1988

SODIUM — WATER REACTION STUDY
ON STEAM GENERATOR (SG) DESIGN
OF DFBR IN JAPAN

——— DBL ( DESIGN BASIS LEAK ) OF SG ———

PNC JAPAN
' (DFBR DESIGN STUDY IS CONDUCTED BY JAPC)

fgE—1—-2—-1 B4
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‘@D SG_AND SODIUM — WATER LEAK REACTION PRODUCTS RELEASING
SYSTEM (SWRPS) (FIGURES 1,2)

G

DFBR (TENTATIVELY)

MONJU

ONCE — THROUGH UNIT TYPE

ONCE — THROUGH SEPARATED TYPE WITH
EVAPORATOR AND SUPERHEATER

HELICAL COIL TYPE

SAME

WITHOUT DOWNCOMER TUBES

WITH DOWNCOMER TUBES

Mod.9Cr — 1Mo STEEL TUBES

EVAPORATOR : 2 1/4 Cr— 1Mo STEEL
SUPERHEATER : TYPE 321SS

HAVING SODIUM FREE SURFACE
COVERED" WITH ARGON GAS

SAME

A RUPTURE DISK AT UPPER F’ART OF SG

AT UPPER PARTS OF EVAPORATOR AND
SUPERHEATER

S W

RPS

DFBR (TENTATIVELY)

MONUJU

STORAGE TANK OF SWRPS COMMONLY
-USED AS SECONDARY SODIUM DUMP
TANK

[E—-1-2~1 Bl

BOTH TANKS ARE INDEPENDENT EACH
OTHER

G00-68 0096NL ONd
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@ OBJECTIVES OF DBL SELECTION FOR DFBR

@® REASONABLY MINIMIZE DESIGN — BASIS LEAK RATE FOR RATIONALIZATION OF DESIGN
TUBE

@ RATIONALIZATION OF DESIGN OF SWRPS :

REDUCE CAPACITY OF COMPONENTS (STORAGE TANK, CYCLONE SEPARATOR ETC.)
AND PIPINGS

® REDUCTION OF QUASI—STEADY STATE PRESSURE DUE TO SODIUM — WATER REACTION,
i.e., LOADING CONDITION TO STRUCTURES OF THE INTERMEDIATE HEAT TRANSPORT
SYSTEM (IHX, SG, PUMP, PIPINGS ETC.)

G00-68 0096NL ONd
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@ SELECTION OF DBL

@ BASED ON ANALYTICAL METHOD USED FOR MONJU :
+ USING LEAK PROPAGATION ANALYSIS CODE "LEAP" DEVELOPED BY PNC
« INITIAL LEAK RATE: COVERING SMALL LEAK (0.1g7s) TO 1 DEG RUPTURE
+ VALUE TO BE SELECTED :
THE UMBRELLA VALUE OF THE MAXIMUM LEAK RATES DURING REACTION
INITIATION TO TERMINATION (FIGURE 3)

@ FLOW OF DBL SELECTION :
SIMULATE INCIDENTS DEVELOPING FROM THE INITIAL LEAK TO THE
,SUE&SEQUENT LEAKS DUE TO LEAK PROPAGATION TAKING INTO ACCOUNT
FUNCTION OF THE ASSOCIATED PROTECT!ION SYSTEM (FIGURE 4)

g—1—-2¢—1 B4
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@ DIFFERENCE FROM SELECTION CONDITION OF DBL FOR MONJU

@® LEAK -DETECTION (IN DBL 'ANALYSIS) :
MONJU — — BURST. OF RUPTURE. DISK
DFBR — — — ACOUSTIC LEAK DETECTOR ADDED TO BURST OF RUPTURE DISK
(FASTER DETECTION IN INTERMEDIATE LEAK RATE)

® PERIOD OF STEAM,/WATER BLOWDOWN :
SHORTER THAN DESIGN VALUE OF MONJU (120 SEC)
— — LESS THAN 60 SEC 1S ASSUMED

— 838 —

@ MATERIAL OF SG TUBES:
MONJU ——2 1/4 Cr— 1Mo STEEL (EVAPORATOR) TYPE 321SS (SUPERHEATER)
DFBR ——— Mod.9Cr — 1Mo STEEL
STRONGER FOR TARGET (INPINGEMENT) WASTAGE THAN
2 1/4 Cr— 1Mo STEEL

pg—-1~32-—-1 'Bi4
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® PRELIMINARY ANALYSIS OF DBL

@ TENTATIVE ANALYTICAL CONDITION :

« LEAK LOCATION ———=——— UPPER TUBE BUNDLE

- INITIAL LEAK RATE ———— 10g,/s. 100g,/s

« WASTAGE DATA —————— DATA FOR 2 1/4 Cr— 1Mo STEEL

+ PERIOD OF BLOWDOWN —— 60 SEC

« DETECTION SIGNAL ———~ RUPTURE DISK (NOT INCLUDING ACOUSTIC LEAK
DETECTIOR)

® LESS THAN 1 PLUS 1 DEGS FAILURE OF THE SELECTED DBL CAN BE PRQSPECTED.
(FIGURE 5)

G00-68 0096NL ONd
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®R & D REQUIRED FOR VALIDATION OF THE -SELECTED DBL
@® DETAILED ANALYSIS OF DBL BY LEAP CODE

@® WASTAGE TEST FOR Mod.9Cr — 1Mo STEEL ESPECIALLY IN THE RANGE OF
INTERMEDIATE LEAK

- MULT! — TARGET WASTAGE RATES FOR INITIAL LEAK RATES
« DIAMETER OF SECONDARY TUBE FAILURE HOLE

@® DEVELOPMENT OF ACOUSTIC LEAK DETECTOR
+ DETECTION CHARACTERISTICS FOR LEAK RATE

g—1—-2—1L Bid _
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(HX

ATMOSPHERE

]

[

g—;:‘” 1 —CU_——IQ—
C§ EPA LOOP'. .D. (f [

4]

SECONDARY{

CIRCULATION PUMP SECONDARY - CIRCULATION _PUMP

orer [ ] ¢ Loop I-

GENERATCR

L
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GENERATOR , J
F
T 1HX
=
WATER/STEAM) ] | .‘ — WATER/STEAM
SR> AT - i G
WATER/STEAM )————¢ KJ/ ol G WATER/STEAM
' \l i CYCLONE SEPARATOR
1 J (L.p): HYDROGEN LEAK DETECTOR
Fal
T 7T {Co ) 4C| ¢ . ruPTURE DISK
R.D)). BURST DETECTOR OF R.D.
" (&)
S — sl — ,
3 Y A b
INTERMEDIATE HEAT TRANSPORT SYSTEM ] INTERMEDEATE HEAT TRANSPORT SYSTEM
"(SECONDARY LOOP SYSTEM) - — —
DUMP_TANK

FIG.1 INTERMEDIATE HEAT TRANSPORT SYSTEM AND SODIUM — WATER REACTION
PRODUCTS RELEASING SYSTEM ((COST REDUCTION DESIGN STUDY)
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SECONDARY SCDIUM

.- INNER BARREL

- SHELL

SHUROUD *1

TUBE

SECONDARY SODIUM OUTL.ET k WATER INLET

FIG.2 DFBR SG (COST REDUCTION DESIGN STUDY)

Fig T—2—1-38
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MAXIMUM WATER LEAK RATE (g/sec)

X 10°

60

50

4 DEGS (LEAK RATE EQUIVALENT TO FOUR TUBES)

40

30 -

20 -

10 -

- 3 DEGS
@
2 DEGS
®e 0. 0.0.0 . ©
@
N e A e
10-2 107! 1 10 102 108 104 108

INITIAL WATER LEAK RATE (g./s)

FIG.3 RELATION BETWEEN INITIAL LEAK RATE AND MAXIMUM

LEAK RATE BY LEAP CALCULATION (MONJU)
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INITTIAL LEAK

I

[~50mg/s] [50mg/s~10g/s] [10g/s~2ke/s] (,NSU]N-?AESEOUS)
S«P : SELF PLUG
57 [ 5w ] S+«W : SELF WASTAGE
T+W : TARGET WASTAGE
% M+ T+W: MULTI - TARGET
o WASTAGE
INFLUENCE @MALL LEAK|
¥ ¥
ToF 5o W
A NEIGHBORING
TUBE DAMEGE
NO
DETECW
YES (| INTERMEDIATE LEAK
MeTeW
OF SEVERAL
NEIGHBORING
| TUBES DAMEGE [ LARGE LEAK ]
WATER
BLOW hl—l'
NO
NON -
WASTAGE NON —
YES MECHANICAL
ENLARGMENT | |WASTAGE| | 5~ 1ear
WATER
REACTION BLOW
TERMINATION
f
REACTION
TERMINATION YES
WATER
BLOW
!
REACTION
TERMINATION
¥ N

FIG.4 FLOW OF DBL SELECTION
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MAXIMUM WATER LEAK RATE (g.sec)

80

60

40

20

® 107

ANALYTICAL CONDITION

1 DEG

LEAK LOCATION UPPER BUNDLE
2 DEGS (LEAK RATE EQUIVALENT TO TWO ‘TUBES) TUBE MATERIAL |2 1/4Cr—1Mo.
SODIUM TEMP. 475°C
WATER TEMP. 453°C
WATER PRES. 107 atg.
= DETECTION SIGNAL [RUPTURE DISK

1 1 i 1

1 10 10* 10°

INITIAL WATER LEAK RATE (g/sec)

FIG.5 PRELIMINARY ANALYSIS RESULT OF DBL FOR DFBR

.(COST REDUCTION DESIGN STUDY)

G00-68 0096NL ONd



PNC TN9600 89-005

7-2-2 Understanding of tube failure
progression, theory and experiment,

importance of material type
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PNC/AGT-8 Information Exchange Meeting on Sodium Water Reaction, Dounreay, UK, March 15-17,1989

Experimental understanding of
leak enlargement and leak propagation

Speaker: H.Hamada

Oarai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation

Japan

|—2—-32—1 Bidg
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Contents

1 Classification of leaks and their studies

9 Leak enlargement and leak propagation studies
2.1 Micro-leak

2.2 Small-leak

2.3 Intermediate-leak

2.4 Large-leak
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1 Classification of leaks and their studies
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CLASSIFICATION OF LEAK REGIME

Regime Micré Small Intermediate Large
: Multi—
Phenomenon Self— Target tabe Thermo—
enlargment wastage wastage  hydraulics
| / /
Leak rate 0.1 g/sec 1/0'g/sec - 2kg/sec
: Z. VA
| | Hydrogenmeter|{ Pressure
Detection Hydrogen. Hydrogen Pressure
meter meter Sodium level | Rupture disc
Damage Nor damage on | Single Plural Trifling
adjacent tube | - tube tubes Little Damage
Test rig SWAT-4- % 2 SWAT-2 - SWAT-1 43 SWAT-3

S |
%ower Reactor and Nuclear Fuel Development Corporation

G00-68 0096NL ONd
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Eretery s
——-~iInitial Leak y-——
| :
L i
Micro| Self-plugging i
Leak ! ! gl
? :
Reopéning !
E W
& 5 Small| Leak detection o
l Self-wastage Leak Al
i
!
[________________ N Target wastage | Intermediate Leak detection »
Self-wastage ‘| 'Leak Al
Failure propagation Large! R/®
= Lok [~
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PNC’'S LEAK PROPAGATION STUDIES |

/'Micro Leak Tests by SWAT-2
]0_2 ] & SWAT-4- ' |
'y
0 4 * '
/Small Leak Tests by SWAT-2

o
ﬁ i T  Intermediate Leak Tests
& 10 0 4 F 1P by SWAT -1
8 /
Q
o
2
| § 10 -
- X ™ Leak Propagation Tests
by SWAT-3
3
10 .
¥
104 | L.arge Leak Tests by SWAT-3

Fig. 7T—2—2-6
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2 Leak enlargement studies

2.1 Micro-leak
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Average leak rate: 2x1073 g/s
T4zl AVERNGE- 0 . Self-wastage rate: 3x107° mm/s

Stop

meww th‘“w |

TlmQ Ime.u\:[a'l‘i‘oﬁ\ Time
L L [ i i

50 . 78 100 128 150

TIHE (SEL)

C)‘iCy"zfta Sﬂfﬁﬂ , QGQ)EL )

Typical change of leak rate with micro-crack.
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Moterals | SOUGERghiehold | Balarged bl
2-1/4Cr-1Mo =70 0.4-0.9
austenitledss | =30 | 0.3-0.8
Mod.9Cr-1Mo not stable - (0.6)
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SELF YASTAGE RATE (mm/sec)

10-2 ) T

i i
- Kod. 8Cr-1Ho Steﬂ(ﬁﬂ‘C)/
1 - i -—
Py A
SUS 321 (47a'cx 27 X
_ </ G
10-4F ' ! / -
[pXer-1¥0 Steel(470TN g
A z X
/
105 , .
/B (Mod.SCr‘iNo)
R :470°C
/ .
1o-¢ - s //6 X :380°C i
(sus 321)
%/ X -0 1470C
/ . (2¥ Cr~1Hec)
10-7 \ . N 0:470°C
19°% ° 1p-% 10-4 16-2 10-2 10-1

AVERAGE LEAK RATE (g/sec)

on the Hod.SCr-1ko,
of Slit

Self-wastage Rates
SUS321, and 2-1/4Cr-1Mo Steels
Type Nozzles

Fig. T—2-2-10
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Results

. Wastage rate

2-1/4Cr-1Mo )austenite stainless steel)Mod.9Cr-1Mo

. Self-plugging occurs in the case of small initial leak diameter.

. Diameter of enlarged hole is obtained with each material.

G00-68 0096NL ONd
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2 Leak enlargement studies

2.2 Small-leak
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Fastage Rate Wr{un/gsec)

-
<«
EY
[

[y
[~

1073

Nozzle-to target Distance

Sodiux Temperature

16.2 nmx:
480 °C

!
n

————a—,

b=,

—

(i

~ 2MCr-lia Steel

Hod.9C0r~1Mo Steel

' J1S-5US304 Steel
J15-5U5321 Steel

Fater Leak Rate G(g/sec)

19

Wastage Rate Dependence on Watey Leak Rate

Tube Materials
(Parameter : Water Leak Rate)

of Various
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Results

1. Wastage rate
(1) 2 -1/4Cr-1Mo)austenite stainless steel)Mod.9Cr-1Mo

(2) austenitiec stainless steel =Mod.9Cr-1Mo
~ (with water leak rate below 0.5 g/s)

G00-68 0096NL ONd
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2 Leak enlargement and leak propagation studies

2.3 Intermediate-leak

G00-68 0096NL ONd
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0.29 " Distance from

£0(40) 670(40)  g4n(a0) he Center, mm

‘Wastage, mm

,Temperature, °¢C

7.26
820{30) 900{3¢)  480(30) 480(30’

azu(zo) "9080(30) 640{20) 750(2‘”®
burst[2. 57 2.9

1050(20
870{20) 760(20) 550{60; 630(20) 1080(0) g 1
0.61

450(20) 650(20)4

500(10
h4so(1p) 960(20) 460(20) :gg%gg
\ 074

s60(10) 299(10)

4

480(20)

370(10)e -

415

Multiple Wastage of Tubes and Reaction Temperature
at t=20 sec in Run 4101

Fig. 7T—2-2-16

- 254 —



— 855 —

l—2—-2—1 614

Pit type (Run 4102, 4103)

Na .
N\  — —\'i%/
N : /
Troidal type (Run 84)

Dish type (Run 4101)

T~ — — N

P

(Vg
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Results

. Maximum wastage rate was obtained at L/D=20 ~ 30

. Time for the secondary failure is independent from the water

leak rate.

. Three types of failure mode; pit, troydal, and dish,were

observed.

. Dominant mechanism of failure propagation is not

overheating burst, but wastage.

~ 900-68 0096NL ONd
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2 Leak enlargement and leak propagation studies

2.4 Large-leak
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o0

@,“‘\Q ‘.

[Illllllllll\\

o

N\

@
8
=3
—
[ 5
1))
4+
)
=

Tube Damages Produced by Run-12 Test

Gas Tube

Dummy Tube

Fig. 7T—2—-2-20
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No.

RUN-12

1as tube

135 315° No. 142 270°

Tertiary Failure

Secondary Failure

RUN-12
No. 134 270° No. 127 90°

Fig. C.2-6 Damaged Tubes in SWAT-3 Run-12

Initial Leak Nozzle

P |
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D000OOOOOOO
00000000 OOOO;
0OO00OHTIODTO®
0000EFELOTFOTO
oo@’o@b@mﬁo
00000000000
00000NOOOOO
slalalajalalalalalalo)a

m
34¢)

34¢)

(3395 \ maximum diameter of bulged area

0.6 — bending (mm)

direction of bending

Fig.3.413 Tube Damage Feature by Posttest Inspection (Run iﬁ%

Fig. T—2—-2-22
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Run 16 Run 19
Iﬁitial Leak 2200 g/s 1850 g/s
Tube Gas-Filled |Water- Cooling
No.32 15.03 sec —
No.48 17.58 sec —
No.56 18.75 sec —
Failure Mode Burst Non Failure

Failure occurrence time

G00-68 0096NL ONd
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Results

. Wastage rate decreases with the leak rate at higher leak rate

than 1 kg/s.

. Three types of failure mode; pit, troidal, and burst,were

observed.

. But, no burst occurred on water cooled tubes whose cooling

conditions were similar to those of the Monju SG.
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7-2-3 Detection of Tube Failure
and initating Plant Trip in MONJU
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AGT8/Japanese Specialists’ Meeting
on Under Sodium Water Reactions

— Dounreay/UKAEA : 15—17 March. 1989 —

- DETECTION OF TUBE FAILURE AND
INITIATING PLANT TRIP IN MONJU

March, 1989
PNC JAPAN
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‘C 3.73x10% (kg /h)
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22B

3250
Reactor Vess;al
N i 238MW
714Mw | 9290 523T Intermediate
5.12x10° (kg /h) Heat

X
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397C.

Primary Pump

PONY. MOTOR FLOW

Prim.Loop ~ 8%
A/C Side ~235 t/h
8G Side ~30 t/h

2—€—2¢—1L1 Bid
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| 487°C133ata Steam

—
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~ J45MW

B

\S

M
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Superheater
47 MW

—————— e

— Steam-

|
!

Cha

19 TMW

Secondary Pump

e e ———

®

System Parameters at Normal Operation

| | Separator

Evaporator
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Intermediate Heat Transport System

 Number of Loops - 3
» (Capacity : 238 MWt per Loop
» Steam Generator : One Evaporator and One Superheater

Each Has Free Sodium Levels

« Level Control - : EV---Overflow and Sodium Make-up
SH---Level Control by Cover Gas

 ACS (Auxiliary Cooling System): SG By-pass Type

* Cover Gas Pressure : 10,000 mmAq in Evaporator and Pump

G00-68 0096NL ONd
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Leak Detection System

(1) Hydrogen Detection System ------------ Small Leak
* [In Sodium Hydrogen Detectors

* In Cover Gas Hydrogen Detectors
(2) Cover Gas Pressure (Evaporator)----- Intermediate Leak

(3) Burst of Rupture Disks -=-+r-ereeeeeeeeslarge Leak

G—g—2—1 B4
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Hydrogen Detection Systen

(1) In Sodium Hydrogen Detector
- Location - DPump Inlet @EV Exit ®SH Exit
+ Type . Niekel diffusion-membrane type (PNC type)
. Rangeability : 45ppb ~ 10ppm (Hydrogen concentration in
- the sodium)
. Sensitivity : Detectable within 20 seconds. when 10% step
change of concentration occurs at the
diffusion membrane

(2) 1n Cover Gas Hydrogen Detector

» Location . "Gas Phase of (DEV and @SH

« Type - - Nickel diffusion-membrane type

« Rangeability : 1 ~1000 Vppm
(Hydrogen concentration in cover gas)

. Sensitivity : Detectable within 40 second. when 10% step
change of concentration occurs at the
diffusion membrane

G00-68 0096NL ONd
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Detection By Hydrogen Detection System

(1) In-Sodium Hydrogen Detector
« HL -+ 7% of B.G.
* H2 --- 15ppb/60min

+ H3 - 30ppb/10min
; 2 out of 3 logic system Automatic Shutdown

(2) In-Cover Gas Hydrogen Detector
* H1I ---100 Vppm
o H2 ---500 Vppm

1—¢€—2—-1 ®Bid
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(1) Sodium velocity in the steam generators
' 0.8m/sec—0.9m/sec.

(2) Sodium velocity in the secondary system
: 5m/sec.

(38) Sodium purification system
(a) Flow rate 10 ton/hr
(b)) Cold trap ocutlet temp. 1L20°C

(4) Locations of in—sodium hydrogen dedectors
(a) 8.4m from superheater exit

(b>) 2.7m from evaporator exit

(c¢) 6m to secondary pupm inlet

(5> Hyvdrogen background
(a) 1830~ 170ppb(30%—100% power operation)
(b) T.B.D. (initial start—up)

4:P) Hydroge% diffusion rate through tubes
(ad 2>10 ; g/cif - sec (at 400 °C)D |
{b> 1><1(‘.i_—1 g/cef » sec (at initial period)

Parameters associated with Hydrogen Detection. System.
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105_ T T L B | T T ]
In—Sodium T
Hydrogen @D : H1 7
Detector - @ : H2 (ROR) 1
~
3
a 104
V ‘el
oy =
£ i
l,_ -
c 5
le
= _
Q
Q
- =
L)
o
X~
S 3
9 10
102 s |||||||. ] . I S N
=% =2 =1
10 10 10

Leak Rate (g sec)

SG Leak Detection Characteristics

Fig,p T—2—-3-9
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Detection By Cover Gas Pressure

(1) Cover Gas Pressure Gauge
o Bvaporator Cover Gas : “H” 1.7 atg
» 92 out of 8 logic system > Plant Shutdown

(2) Sequence To Plant Shutdown
@ Change of SG Level —> “HH” or “LL”
@ Secondary Pump Trip
» SH-EV Cover Gas Equalization
- Isolation from OFT/DT Cover Gas
® Evaporator Cover Gas Pressure ; “H”
@ Plant shutdown

G00-68 0096NL ONd
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1
i
1

._________I.___.___.____J ————

Evaporator

| .M. @Insserg

Superheater

_ / dyzy, dmng

N) | e — —

(Bu/By) einsseiy
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500

200 300
Time (sec)

80 100

c

Fig.

(Leak in Superheater ; Leak Rate=300g/sec)

Pressure Change in Intermediate Leak.
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Pressure (Kg/cm%)

|
g 100 200 a00. 400 500

/ 7

Time(sec)

Pressure Change in Superheater Leak
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detection

rupture ‘disk

\

]

SPECIFICATION OF RUPTURE DISK
EVAPORATOR SUPERIIEATER
T Y P E TENSION TENSION
DIAMETER 268 20B
MATERIAL INCONEL INCONEL
SETTING PRESSURE Ikg/al 3 kg/ed
ACCURACY . *x10% _ #10%

RUPTURE DISK

Fig. T—2—3-13
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Plant Operation for SG Protection

(1) Plant Trip

« ACS of The Affected Loop
—> To Start-up-- .- Small Leak
—> Not To Start- UP ------ Intermediate or Large Leak

(2) Sodium Side Isolation
e No Immediate Sodium Drain
« R/D By-Pass Stop Valves Open - - Intermediate Leak

(3) Water/Steam Side Isolation
* SG Water/Steam side Isolation
« SG Water/Steam Dump
« SG Nitrogen Gas Purge. (7 atg)
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In—Sodium Smali
Hydrogen | H1 on| Leak
eteclor Sienal

Nyt

In—Cover Gag H
Hydrogen H
e
i-SoditmH -
Hvdro 15pph”

In=-Sodium{H3
lydrogen 120

etech gt 10mi
(S e
N

eE
rogen
Mﬂ_‘anp

Cover H
Gas 1
ressure lat

[Small
Leak

%l‘é?akl(z

onf|Leak

> :

erator
nual

Ru/Diuri 3 LLgrEe
an a
Signal | latg > Sional

oo 3G Stop

iy | Sec-Fum HTS Sodi . . . >
[—- trip Main theD‘I" FTgE Ratm trip]Reactor trip { turbine
D= Star t |Unaffected
‘ —p {Loop ACS
SETAffected N\
I
I
open |EV-SH Ar—Gas SH-EV Caver Gas Ld 3o DHR Cperation
Isolation Valve Equallzation for Small Leak
i; Lo?p DII_-{R Cperation
1 JEV—Over f low EV Overfiow Line or 1 &L Lesk
closeisiop valve >— Stop
close SH “zavelControl | SH 'Lavel Control
Stop Valve Stop

SG Na Sice

Valves (B&E) Isolation(Affected loog

=

SG Water/Steam SG Water/Steam
close Lcolati :isl ide >““‘ Side Isolation

! SG Vent Tump > -] SG
open Valves Depressurization

Ni trogen GasPur, 3G

opeNYy ire Valves Ni trogen Gas Purge

R/D by—pass
OPEN | Shop valve No. 1
on | Igniter %ggé%rgl—\l\at‘er

open R/D by—pass

Step Valve Np.2

Event Flow at Sodium-Yater Reaction
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trip

Reactor >_,

Stop Valve *A”

ACS START-UP SEQUENCE

Prim.& Sec 10% Clutch| Prim.&
—_—D trip )| Pump Main 12'3}331 1. PumP —=lengage —_—
Motor r.lg.m 2.Speed -ment | Sec.Pump i
|
! ; ———
. I 1 .
Prim.& Sec P Prim.& Sec.Pump
= St_arf Pump Pony )———— - = Pony Moior
UP IMotor Operation
li_ui Co;lsr ! Water,/Steam
_—_D nlet utlet e ——
Open Dampers _= System Operation
%
TPU}30S |
LewlCont énlet Vane
-1
Start} Air Cooler ~rolled| Out let Damper 1
3 —up | Blower i
A ]
]
|
> Cont | Air Cooler L_ ACS
—ollad| Qutlet Stop Valve *C” DHR Operatin
SG lnlet
Close n-e
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b eader

op A A turbi
S-15X XS—12X b;r—;;anss valve
# S-3 S-2
L at 728 Condenser
IHX
N Bl |
o— 4 (L \
5 53 Is-14
Py % % 5;3*}11 S-13
i close

at.7atg Steam Separator

S-1 :
Lo | Feed Water

Secondary P u::p-o

Initial Steam Blow Route (steam pressure 127 ~Tatg.)

relief valve
] 3 )
S-9T7 TS-10 St _ Turbine
Setting press.
(127 atg)
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N—
et (B
! relief valve
S-9 -10 NS—4 ~ Turbine

(127 ate)
A S5 3_12* turbin

i
X
. b !
:’ $7 58 S-3 S—2 y-pass valve
| close | -
{ > at /ate€ Condenser
I
|
IHX I
] o !L Blow Tark
' L5 >
% X | %pn ST
D
Steamn Separator
© .
Secondary Pum._p@ —Pq4— Feed Water

Steam & Nitrogen Blow Route (steam presssure~7atg.)‘

Setting press.
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LEAK RATE

(g/sec)

1078 1072 1071 109 .10l 10 103

LEAK SIZE

1 ] i 1 i i
MICRO LEAK // '

SMALL LEAK EDIATE/GE

INTER AR~

LEAK EAK

, PRESSURE | RUP—

DETECTOR IN—SODIUM HYDROGEN DETECTOR TURE

| GAUGE DISK

INITIATION ROR COVER ggR—
- “H1" ROR “H8" GAS o
SIGNAL “He- PRESSURE | 3F

FINAL STATE

POTENTIALITY
OF SELF-—-PLU

MANUAL AUTOMATIC SHUTDOWN
SHUTDOWN )
ggSRATION AND SHUT NOT TO
(AFFECTED START—UP —=DHR OPERATION —DOWN BY '
LOOP) OPERATOR START-UP
LEAK SIZE AND PLANT OPERATION
Note : D> LEAK SIZEs correspond to the effective detectors.
(& LEAK RATE is shown schematically.
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ENGINEERING
TECHNOLOGY GROUP

SODIUM /WATER
TEST FACILITIES

DOUNREAY TECHNOLQOGY

Fig 7—38—1—1
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DNE Sodium/Water Reaction Facilities

European Collaboration has allowed savings to be made in the UK
national programme by the sharing of work.

Dounreay has therefore excess rig capacity and is able to offer
facilities to interested parties. Very reasonable rates can be
offered.

The rigs at Dounreay can offer:

a) Glove box number 5 — available for experiments now.

b) Small Water Leak Rig — available from April 1989.

c) Super Noah — this rig is being reconstructed and will be complete
in April 1890. It has an extensive programme for EFR as part of
the UK contribution to the Europeon Collaboration. However
experiments on this facility have g long lead time. Dounreay can
offer experiments on a commercial basis for construction in 1990
and completion in 1991. '

General arrangements

- all specimens, data and records can be retained by the Customer for
use as licensing evidence

all tests can be witnessed by Customer representatives

if required, long term accommodation for o Customer representative
can be provided, both at Dounreay office, and personal
accommedation at Thurso

— no access to European date

|

DOUNREAY TECHNOLOGY

Engineering Technology Group

Fig. T—3—1-2
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Glove—Box No 5

This is a simple high throughput facility offering good statistics.
Multiple target/single jet capability eliminates unwanted
variability in comparitive results.

Here we can offer static sodium, atmospheric pressure tests in the
range 0.1 to 3 g/s to investigate the effects of changes in
parameters such as:

‘a) material

b) sodium temperature

¢) tube spacing

d) steam pressure/hole diameter

e) sodium/water temperature difference
f) jet shape

q) jet angle of impingement

h) interaction of two jets

DOUNREAY TECHNOLOGY

Engineering Technology Group

Fig 7T—3—1—3
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Small Water Leak Rig

Here we can offer realistic sodium flow velocity, and realistic sodium
pressure conditions to investigate the effects of:

a) sodium pressure

b) sodium flow velocity and direction
?-‘-\"hfs

A particularly attractive capability is being able to undertake
non—isothermal tests — water injections into hot sodium.

Leak range: 1 ~ 20 g/s
Choice of material, spacing, temperature(s) as before.

DOUNREAY TECHNOLOGY

Engineering Technology Group

Fig. T—3—-1—4
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Super Noah

This rig is being refurbished to provide the best simulation of
intermediate leaks, in support of the EFR programme.

Specific features of the rig are:

a) substantial test sections — oround 24 EFR type tubes

b) correct sodium flow velogity

¢) correct water/steam conditions in target tubes

d) multiple injections. — high efficiency, fast turn round

e) damage limitation features available to improve test
section re—~use (if required)

f) shutdown protection system modelling

g) correct sodium side pressure

h) no limit on ultimate reaction — multiple tube ruptures
and terminal temperatures acceptabie within vehicles
(but re—use of vehicle impossible)

Last injection can be allowed to proceed to full tube rupture if
required.

DOUNREAY TECHNOLOGY

Engineering Technology Group

Fig. T—3—-1—58
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EXAMPLE OF WORK CARRIED OUT IN THE GLOVEBOX

COMPARISON OF THE WASTAGE RESISTANCE OF

DIFFERENT FERRITIC STEELS

A DAaTABASE OF OVER 200 DATA POINTS HAS BEEN

FPRODUCED

CDNCLUSIDN= THERE IS NO SISGNIFICANT DIFFERENCE

BETWEEN 2.25 Cr 1 Mo, 9 C 1 Mo AND T91 STEELS

Fig. T—3—2-1
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12 mm Spacing
0. 1 ' ’
T 7 mm Spacing
|
[
o
~
g
E
ot
w
[
<
©
tu
2
= C.01L
<
=
s
!
1
0. 00 ; - -
0.1 1.0

LEAK RATE ¢ g/s)

CORRELATION OF 2. 25Cr1Mo WASTAGE DATA

Fig. T—3—2—2
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I
|
12 mm Spacing
0.1
17 mm Spacing
~n
Q
E
B
L
£
o
g
0. 01
0
-
>
0. 00

LEAK RATE ¢ g/ed

CDRRELATIUN‘:OF SCr 1Mo WASTAGE DATA

Fig. 7T—3—-2-3
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f-44 } — } -
104 P 4
I QJ — T
T o ~ Japanese Data —+
Normalised]| / ' -
Wastage 1 /% |

R_m‘es

011 1
“H} } f——— } pm—t— -4 ]

0'1 1.0 . w

Leak Rate (g/)

NORMALISED WASTAGE RATES OF 9CriMo. COMPARISON OF DATA.

Fig 7T—3—2—4
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- | INTERATONM

Secondary System Performance
(100 % Power Data)

Number of secondary loops 6
Heat from 6 IHX's 3605 MW
Heat losses via insulation 1 MW
Heat from 6 secondary pumps 8.8 MW
Heat transferred across 6 SGU's 3612.8 MW
Sodium flow rate per secondary loop 2555 kg/s
Temperature from [HX exit to SGU 525°C
Temperature from SGU exit to sec. pump 340°C
Temperature from séc. pump exit to IHX | 340.4°C
Pressure drop of secondary loop | 4 bar

Power of 6 secondary pumps

- thermal - 8.8 MW

- electrical | 9.3 MW
PF223, Metzner, 03/89

EFR

Secondary System

Fig. T—4—1—1
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I NTERATON S

Steam Generator Performance
(100 % Power Data)

Sodium temperature into SGU 525 °C
Sodium temperature at SGU exit | 340 °C
Heat transferred via 6 SGU's | 3612.8 MW
Sodium flow per SGU 2555 kg/s
Live steam temperature - | 490 °C
Feed temperature 240 °C
Live steam pressure at SGU exit 185 bar
Feed flow per SGU 275 kg/s
PF223, Metzner, 03/89
EFR

Steam Generator

Fig. T—4—1-2
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Steam Generator Dimensions

. Number of tuk. ;

Active tube lenyth
Maximum tube iength
Tube outer diameter
Tube wall thick:ess
Tube pitch
- radial
circumferential
Over all length
Length between head centres
Inner shell diameter
Head diameter

Sodium inlet and outlet nozzle

Mass of empty SGU
Sodium mass in SGU

1386
3097 m

333 m

16.4 mm

2.2 mm

324 mm
33.9 mm
37.22m
35.305m
1400 mm
2600 mm
DN 700
96-103kg
77-103kg

J0F80/10-88

EFR Steam Generator

— 303 —

PF223,Metzner, 03/89

Fig. T—4—1-3
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MAIN R+D REQUIREMENTS EFR STEAM GENERATOR

1. MATERIAL DEVELOPMENT (MOD. 9 CR 1 MO)
- FEASIBILITY OF TUBE PLATES
- MATERIAL PROPERTIES

- WELDING AND HEAT TREATMENT

2., THERMAL HYDRAULICS’
- FEASIBILITY OF LARGE TUBE BUNDLES
- QUALIFICATION AND VALIDATION OF CODES

- WATER/STEAM - S0DIUM MOCK UP

3. STRUCTURAL DEVELOPMENT
. TUBE GRIDS

- FLEXIBLE SHELL

Fig. T—4—-1-6
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LEAK DETECTION SYSTEMS
- IMPROVEMENT OF HYDROGEN DETECTORS

~ DEVELOPMENT OF ACOUSTIC METHODS

5. SODIUM WATER REACTIONS

WASTAGE AND LEAK DEVELOPMENT 9 CR 1 MO

- PROPAGATION OF LEAKS ESP. IN LOWER TUBE PLATE REGION

~ STUDIES ON TUBE OVERHEATING

- QUALIFICATION AND VALIDATION OF A LEAK PROGRESSION CODE
- QUALIFICATION OF LARGE RUPTURE DISCS

- DEVELOPMENT OF METHODDS FOR REQUALIFICATION OF A FAILED
STEAM GENERATOR

Fig. T—4—-1-1
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T-4-2  Sodium-Water-Reaction Experiments
at Interatom in the Intermediate

Leak Range
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SODIUM - WATER - REACTION
EXPERIMENTS
al INTERATOM

‘inthe INTERMEDIATE LEAK RANGE

(prepared for the meeting on 13th of March)

Fig. T—4-2—1
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Consequences of leaks dependant from location in
the steam generator

In case of straight tube SGU’s we have to
differentiate between:

- leaks at the upper tube plate
(gas ‘space)

- leaks in the bundle region

- leaks at the lower tube plate

Ruloff., 1321
03.03.89

Fm.744¥2;2

—318—



— 818 —

g—2—7—1 Btd

CIRCULATING

&5

PUMP

RELIEF
| L A SYSTEM
. —
=
% | e Rl
= [EARS
/ 7 S.|G.-Model
H -SUPPLY |
TEST-
_X\ sUNDLEHM 1t

[
—
*HEATER

9

D
H,-METER

EXPANSION
TANK

o

PLUGGING METER
EM-PUMP
=)

@

XV
————--—J=i——Dx3

~
& COLD TRAPS *

=i

™

\_

ASB-SODIUM-LOOP

D

=

(Arrangement for tests under static water conditions)
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Test| date tubing prim. VNa m Hy0 number of TH20 Pra PH20 P"z
No. 1eak / ka/s / | tubes T
material | dim. pitch | 8 | 7 wms 7| water fiow G sbar/ | /bar/ /bar/
fom/ | /mm /|7 om/ inside | H0 | Ny | 7 °C/
the tubes
1 30.01.85! 2 174 Cr {26.9x2.9 §2x45 0.3 ca. 0.45 0 25 0 ca. 325 3-4 162 -
2 27.03.85] 2 1/4 Cr | 26.,9%2.9 42x45 0.3 0 0 25 0 ca. 325 3-4 176 -
3 06.11.85) 2 174 Cr | 26,9x2.9 §2x45 0.3 ca. 0,45} 0,2-0.5* 25 0 ca. 325 -4 175 -
4 22.10.86) 2 /4 Cr | 26,9%2.9 H2x45 1.0 ca. 0,45 0,2-0,5* 25 0 ca. 325 3-4 167 -
5 10.12.86| Incoloy |25%2.6 37x45 0.9 ca. 0,45 0 11 24 ) ca. 35 3-4 175 6
[ 25.05.87 1 Incoloy | 25x2.6 37x45 0.9 ca. 0,45} 0.23 11 14 ca. 325 3-4 181 180— 200
7 20.05.87| 2 174 Cr {17.2x2.,0 33x33 1.0 ca. 0.451 0.15 11 14 ca. 325 3-4 161 176— 24]
g 21.10.87| Incoloy |25x2.6 37%45 0,9 0,31 0.2 11 14 ca. 325 3-4 184 176— 185

* dependant from tube position

Test in the tube bundle area

(test conditions)

G00-68 0096NL ONd
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-
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break of f
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fast depressuriziation
system (water side)

Y |

test bundle arrangement
propagation tests 1 - q

IR L N .Y

tube with
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Prinary leak

29
|7 22;
— [ . é%
N % 0.5 -
/ ¥y 1 mm
! v
¢ . d sealing cap
guter shell | i ; y
of the SG-model |/ : () p tube wall
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Test section for intermediate leaks
in ASB loop (test 1 - 4)
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INTERATOMIN

rupture of bursting discs

Pl
leak rupture of bursting discs i
rate tert. leak tert. leak i
10kgﬁ? (tube bursting) (tube bursting) i
]
I {
rupture of bursting discs i
N i
10000/ { sec. leak | .
Pl ] = 1
] i AN !
J ! sec. leak |
F ] .
; |
lest 2 self evolution .
———
100 g/- \ r
] e
p F v— —
] | seC. leak
1 self evolution !
;
Word ______ N T [
] |
1 3
\\\“\ self evolution
1 y ) T T _1’; T T T T gl
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Development of leakrates
fest 1 - 3
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leak INTERATOM
rate
10kgls A
rupture of bursting discs
6 kgl 72 kgt rupture of_

i bursting discs
R
i !
-
iy
N
| } bursting of

/s - i r,/’ N,-tube

g’ | bursting of
oy maifunction P -
: e H20 tube

- of fast depressuriziation
| — _{Qf the water side
i bursting of N,-tube/
! end of test
| 1est 7
i 225g/s -
! T gls 9=
! bursti £ sec.-lezk
i ursting o :

MWgls - i~ Ho0-tube sec.-leak \\‘~\\§

end of test
28q0/s : after-203 s
g .
- test 8:; no formation of a reaction flame
lest 4 because the opening device remained
partly before the leak
10 gls ! KA ¥ T r T T T T T T T
50 100 150 ts)

Development of leakrates
test 4 - 8
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Tertiarleck Primarleck
Sekundarleck

1. Propagations-Versuch

Aufnahmen der Lecks Abb. 70

147224078042

Fig. T—4-2-—9
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Abb. 16/1

7. Propagationsversuch

Aufnahmen der Lecks .

uRreueQIGs Bunbusu.g HD epo o:..:c._r_t_wn. J¥p g
UAD LI RIYIGY Jiy T RU0RRY IS N2 ueiydiea ueBung

BUUQIBEIM AT GHOUVIEETIOT U MOININEND et ta e

{h)

16808/12-83/05

Fig. 7T—4—-2-10
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G0 6-0-04
200000

S&FF bei t=235¢

PP PH-OPPP:

.
@‘ & -
- ]
- & Ak
,
r"‘_,f_ 3

i (rupture of

O066O %M

bursting

x
A disc)
ant @

A + B

¢ Tert. - Leck
Nt bei 1=278s

gim> 850 °C

#7650 - 850 °C

0450 - 650 °C

TEMPERATURE DISTRIBUTION IN THE TUBE BUNDLE (Test 7)

Fig T—4—2—-11
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INTERATOME

experiment on design basis accident
DEG- rupture simulation

F = 248 mm?(&2F-cross section for

straight tube type SG }
90+ |
80-
= 10-
o
=
a 60 propagation experiment No. 3 |
£ 50- F = 700 mm2{ 2F-cross. section for
n - tubes 26;,9x29)
& 401
a
30- propagation- experiment No. &
? F = 200 mm?
20+
10- -
ol

1 LI t b 11 L 1 LB L

0 500 1000 1500
s> time t[ms]

tertiary leak phase
secondary leak phase

Comparsion of Pressure Courses between
Spontaneous DEG - Rupture and Realistic
Leak - Propagation

Fig. 7T—4—2-12
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6 \'*I |
E L 1 . S, 3
b LT T B e e T B e e S JJ o o —
A
1 80100 200 400 600 qgpg 2000 4000 6000
=2 >> Leak Rate / g/s /
A '
INTERATOM CEA .
TNu:SZSOC : TNQ:%SZO C

O tubes with water flow 2 1/4 Cr tube with water flow Inc. 800

Q tube without water flow 2 1/4 Cr tubes without water flow

Inc. 800
-+ tube without water flow UKAEA
Inc. 800 - - o
tub ith £ 2 :
X tu es w water. low 2 1/4 Cr; O ‘tubes without water flowt
but with preceding wastage 2 1/4 cr

* add. 12 tests with water
flow: only damage by wastage

TIME BETWEEN FORMATION OF SEC.-LEAKS
AND BURSTING DUE TQ OVERHEATING

Figg T—4—2-13
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|
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TESTBUNDLE LOWER TUBE PLATE

900-68 0096NL ONd



— 558 —

Gl—-2¢~v—1 B4

Test Date (Tha = | wha= m sz:f ‘Primary | leak flow [ test du- PNA PH,0 PN,
THy0) leak rate ration remarks
°C) { m/'s ) { ka/s ) { mm ? {a9/5) ( bar ) ( bar ) ¢ bar }
1 03.02.88 240 0.03 0,125 4.3 - 1 h 38 3I-4 appr. 180 | appr. 180 { leak was
blocked
2 19.04.88 240 0.03 0.125 0.5 64" 210 s 3-4 187 180 injection
wWas stopped
after 210 s
3 29.11.88 240 0.03 0,125 0.8 44 69 s 3-4 185 185 ihjection
was stopped
after 69 s
4 07.03.89 240 0,03 0.125 0.8 5.b b about about without
" 180 180 wastage
protection

* Average flow velocity in the testbundle

**  Hy0-Loop

*** Average value; variation between 1.4 - 10.8 g/s

Test conditions for the lower tube plate tests

@]

JOURY -, TR TSR
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Ol—z—9~21 B4

remaining wall

A 2‘0“2'!';l {mm]

2,16
192
1,68

after 255/ 216
‘ 1,92 [mm] _

ALl 42

| 102 : 2'

| 0.96 l":unl tn 0'72
42024 [mm)

JY
1,2

Conditions Initial Leak Size :0,3mm
Tube material 9% Cr 1Mo Tube Dimensions :18 x 2,4 mm
TNa : 490 °C Tube.Pitch : 35 x 35 mm

‘Calculation with PROFET

Wastage Development on a Neighboured Tube

G00-68 0096NL ONd
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BINTERATOMEEEE

Conclusions

Leaks in the bundle region

- Formation of sec, leaks after short period of
time possible

- R & D for advanced H2— and acoustic leak detection
systems necessary; but even with such systems the
formation of sec.-leaks cannot be excluded

- Leak rates > 80 g/s can cause tube failures due
to overheating

- Calculations of pressure development during leak
propagation have to take into account the damping
effect of the reaction zone for pressure waves
coming. from tube bursting

- Fast and diverse intermediate leak detection is
necessary to keep multitube failures sufficiently
improbable

- Fast isolation and depressurization of the water
side of the steam generator is also needed to
avoid multitube failures

- Ferritic materials have higher wastage rates than
austenitics, but intergranular corrosion was not
observed (contrary to the austenitic tube material)

Ruloff, T321
03.03.89

Fig. T—4—2—17
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751 BRBEEREFORERERER

(HBoHM
SWAT— 3 Runl8EBOBEME, BHRFERELSOKY -/ NBRELLBAOHEE
BAREZRBNCEETIFC L2, ERBERTFOANTHZA —RFF+4 b 27

YU ARSUSIZINE, BRECHENTHS 2 —0r— 1 HolBL D HE Y = A5 — Ul Ic &
NTOBM, BREEF Yo AP RREENBRE AT H V2. BRETOH

BESRRE D VWTLEOSHERET S LALELEL, SIUT- 3 CORREEM
LibDTH B,

HEB. CHhETO RUB~ITHBARS I LD I Z0EBB K/ EXOBHE
AEESTHE, RABRBAREA/ BEEBVWAERBELSHERL T, 0
GEHENOOKY — ek, BEEBERBEL. KUY -2 28&2 REALTY (R
BTT EOKY - R LB ABBII 2V TOREE2BEILTEbOTH S,

(HBR&E

Bun 1IBOBEEBEHE, Run M4 (ERFVEEBRERIBEBRBURBSEE) &t
LT&T-5-1-1 TR,

Run 18DEXREHRHEB. THALs ) BRBOTEANVAN IS VRETHLIBHEL
G (141 ata, 370 C) £+ EE LA, |

(HRBRER)

BEEHETRAOEEELZET-5-1-1 KRT,

KUY = REZOVTR, LRI~ 7BOKY — 2 Fi260, 85O FH T4, 0g/sec
GWi3, 6.9 HMOFEY T16g/sec Thor, BL., SKRBENRERTOKY — &
Fii2dg/sec THH, SKEBANKOVEK ) -/ BIRTHOIRH o 121240g/sec

L EuBM, ChIRMHCELEHNEON, REVEARRI - VRETOR
& 5 400~5008/5ecTH - Foo

R B
LRV =RV -/ hSsVRd, REZLEKRTLBET 3 EHE95 L 040
PEBHEESATED . TITRUTOIOMBECRGEE (MH+ FY v LEE
+100~200C) £RL T3,

ERMBERTISTO 2 REBREL IV ERABENOAEREE LRFE L2 —F
EETRGEEERLCOAGHESR OO EERBCEETBESR L, ©
NidNo3ZA AR I RY -7 P2 PANBIDSHI LA 2R — 2 Yy hiTED
MERBEEIDNSE, 2R —/70M, BREENEVERTINR. FREE &
D #2150~ 300CHL B - TV 5B,

SKRBHRECIIBELR IR, BEAYETORMBEHARTASH, Wi 3
WYV=27 Y=y rOMERER 588 (H7-5-1-1 TENISOETRHORS) TR
FETH 7o RBEN25 26,3233 OREOBRBH TREREN000CLAA .
FDHDTRLITIELTWS,
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- EREABREBLTY X F -

HRBBEORMBBREOER., MRV~ EBRAEMSORERICE - THT-5-1-20F
Bt RT N LU0 ERBENBIBLT WA,

COFERNSLHAELIINROERBFOWEKRIEREH CHI M 100, &
HE 1O HETHE  THEOBRICY 2 27— ISNTHD, Chizmgy -
FEBBEOY — ZHAMN0.5on EHEBHNNEh LI EE, V- COEENE
WEBHEEKS z v PRERETREShALDEBEbDNA D,

o, CO2RBELANIROEREORBAIGELLEKY 2y PiRE-
T, MBSOERBEHNIRBEL TN, WEBIRGE b o & AR H H 250,
BAE0mOEEILbi Ty AF V30, BALSEXARNEDESATL
BIEHORBBREBCTHAERE - THELAbOEEDLR S,

FOMOERBILBVCTE, BT-5-1-1ERTLEI Y~/ EHED L 0K
BEAEISOREAY 2y FRE-T, ABRRA - THROINELTVE LOP,
IADEHE (N31,32,40) E Y =X F— YR XZRA (0.6 ~0.9mn ) AUHD
fi,

(BE)

Run 1BERERC 2 RIMBOREH0. 08 & Run UTOMUBDLSBRTHD, 20
BH . OHBOBEY (2 - Cr— 1Hof—5U8 321 ) . O 1KY — 7 D& W
(l4g/sec ~FHdg/sec ) « RU@ Tz v PEEFADEN(D ° ~11° )ETH

BLELALR RS, RBREBEOKRNLE LTI, HHoT2-+33-3L>0RBRE b
MUERXEBOATVDS, Run 1I8CTRIKY -2 CTHILLAMN, 3XU -2
FERBLEBARE, SRV —-270OREINDHT, Run HEEELD, EXRE
M26P 34D A~RBBLAENEAZNRS, '

2 RIIEREN D 3 RBERECEL LW d14secs Run 14D B A D Tdseck
HXTE5EMEEE-TVE, BHFORBTE, 2RV =70k Y -7 BPIzy
PERREERS I ADERNSHBRTEAVA, Run 18D 2K Y — 7 O&ER
kY —2#Bi0~20g/s¢c . HFEAFLRFHRLBEERORELEVWEETH .
COWBEEERNoRVWRELLTHEOR Y A F VOBV LS bDLE
A3 kTR B,

ARBHERLY, ROBRIUEIN S, BRBTORBEREZR. EHEH
(SUSs 2N oERMEBEEHY AT - VoD, RBRBLCBFLLDI MK
Wal DEEFTTE, T, REEBT/HN—-27HNBELRBETH. KKK
%%u;b?ﬁa&&?%%ﬁﬁ%ﬁ&b\wﬂUmﬁﬂmm%©E%%ﬁﬂﬁa\
BLbEPPCHENETTIEUYEL2ERLTCH, ) - 2BEA-THCRIBEE
DETTI3THEBERIEAELVWEE TRV, Ok, kXRBHRECBEE
ZTIERMABEORLBEOTREZA A LOL LS LFALBNE,,
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#7-5-1-1 OB & &
Run No ‘ 14 18
i £ A =] 1980.9.30 1984.3.15
P§ X 1S = & 3 5 > 3 2 8
% ®OOR # B X |EESCRTERBEE EHESCATCERPEE
% = #®H H <+ O |3L.80X35tX700 £ |31,8DX3.5tXT00 ¢
% = # =1 #t " STBA 24 SUS321HTSB
® K A L A FL 44038 FL 4403
oKk OB O# B R S S S e 2 b B
. mHYU -2 - ZNE 0.5 nond 0.5 nno
X KmEBERENata 149 141
% K Inm# B E B C 240 337
E ok E ¥ B K ‘C 226~231 370
% VIR — 2 EHgERE g/sec 18 4,0
i * kK B - M sec 2903 4680
2 K B ke 110 42,5
d]: + PV Y LEE T 341 468
7_\;1} + b U v oA B ik #ik
Zh JEV. SHA N~ A RE atg 0. 48 0.5
#{ﬁmwh’—-ﬂz 7oL T v A s
" 3?& RD 601 atd 3.0 3.0
" iﬁ RD 602 atd 3.0 3.0
% W E! |RD 603 atd 1.5 1.5
a HHERE®RE C 300 ~330 260 ~ 347
WHEHEE c 356 423
# BEHREAD atg 0.49 0.5

—a3—
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Tube Damage Peature by Posttest inspection (Ren 18)

B7-5-1-1
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B 7-5-1-2 Fajled Water-Filled Tubes (Run 18)
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7. 5.2

=0 T2 F—VHER

(RUN-4117, RUN-411 88X BR)

(B R
OB No | EAEILEE | EKEE KV —-2R | RBREKBE/FTEEASR
fEAk @
RUN-4117 (3ke) 103sec 298/sec 1,036
] £
RUN —4118 {10kg) 69sec 145g/sec 1,464
E. % # @B\ H RUN —4117 RUN-4118 | z
KimaEE  E 5 (P-WH) 152kg/ afG -
g - } e fnok
8 B (T-WH) 342 C -
FEE 18kg -
K F EKEE THERE 400 °C -
iTHe-iR & E EE 77 (R-0a) T0kg/ efd (gD -
ERSZALAECTFEKRI-S R) 1. 2nm @ (21lg/sec)| 1. 2um O (21g/sec)
ERUEB(REFHEER L) 1150mm 400mm
+ b U LB EE(T-EY) 450 C 400°C
NaF | Fhiokse-5bi (RIBEBEELD) 1150mm - 180 ¢
A 27 25— A Z B (P-EV) 0.§kg/ odf G “
CEET Y 350 °C -
PHNEHETFTHREE 350 ¢ -
) da HH A 3 —H R E(P-RV) 0.5ke/ cdG -
iITH-BRBEE D R-1D) 3kg/ cdd -
" (R-2) 1,5kg/ aid -
HANMEE | HANMEFEN 150kg/ oG -
. JEAN - F -5y PEER 44. 6an 61, 8mn
L/D 37(-) 25(-3

— 341 —
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(RBERER)

AR ERT-5-2-1, ET-5-2-1, 7-5-2-2 IKRT,

Rw—unﬁﬁfﬁbﬂmvzzf—VE%Htmm\maE%%(ﬁszﬁwn
~37) DY 2 RF— VHELIEX10"(on/sec) Ty EREEHMO Y = 27— SHE b
BAEEMESS ~220 ° LEEHKEATV S, | '

Fih. RIN-4118EB TR, Y-y POEHBLAMISERT (FAMEETL/D
D=25, 225 —U$1I1IX107*(on/sec)) £ b, MIGERET (F3I BTV
AF—~Y#I5 X107 *{(nn/sec)) DANRBVWT =2 A F—-IETF T Wi,

N IBEHRER., 2y 2R 7~ P2RFTED, V2 RA7 V7 v 7o ¥l
THIEE, COV2AF- UL FARTHILDIET 2 AT~V MOBREEHN
BMLAoR bbb F. TaAF—-VRRBRELLSELRLDEFEALGND,
ZhizgL, hIEHBFR, NISERFLEAELARREE Yz v bOREITID T =
AFr—-UEGHkbDEELIGN, Ev b RODV 2 AF-VEREITL,

(&%)
O WzARF—IBOE -2, L/D=20~500 @B THD, COBORKT =z A F—
U®RiE, 1.T X10-*on/secTH 3, L
® SU8321 HO U xAF—VHRE, RORREERNTHI NG,
WR = 1,7x10°% exp {-3x10°%(L/D-25)% }
7272 LLWRE iz AF—PR (an/sec)
L XN &=%v FEELR (o)
D :4kY~%3Z (mmd)
@ <AFH~Fy OBy s ERTIR. KY — 7 BHN30e/sec FMABEY =
AF—URITH 1.TX10 nn/sec T T 5,
@ ZHBERENI SotRPS. 2REBEBMRBKY -7 RCRBERIC200s5ecHE T
5B,
® SUS3213t1d, 2+1/4 Cr- L MoMHE RO s AF~VHIZBERTED, V2R F
—UREFEELT241/4 Cr-1 Mo OBHL/MATH B,
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F#7-5-2-1 PY -4 - T2 RAF—VRBI Y v )EHATFIVLAF -V F—~%
HEARTE 'k Mo AT~ P -0 EMNY B GATY
. & No. KYU—SAB | KY—2R | /X 5— [L/D T T2 AF—UR
g o hIEERE BhE |#bE |BRAEAE (B X
Mo | B ] D Cem¢p) G (g/Sec) L=(mm) ) |AFAE B E| (m) Com) (ma) {wgr { mon/Sec )
3| ¥i~F 30.0 25 110° ~130 ° 5 5 120 ° 0.12 1.165% 103
RUN-4117 - 8 {fimMEE 1.2 29.0 44,6 37 65° ~220 ° 55, 35 120 ° 1.39 1.35%10°°
13|43 -8 91.2 76 100° ~150 ° 15 47 130 ° 0.61 5,92%10°*
11|71 —%& 24.5 10 70° ~135 ° 15 7 105 ° 0. 26 3.77% 1073
30 15 .
RUN-4118 15 | IAMEE 2.5 145.0 61.8 25 110° ~140 ° 160 ° 0. 78
33 20 I.18%x10°¢
16 |#F31-8 88.3 45 200° ~300 ° 25 50 260 ° 1.03 [.5x 10
* JZAAME (KY—-—7HE) ~EHRERAKV2RATF Va0
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B47-5-2-1 Multiple Wastage of Tubes and Reaction Temperature (Rundll7)
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B 7-5-2-2 Muitiple Wastage of Tubes and Reaction Temperature (Run4l18)
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.53 Run-—-19 HAS7F+HR

(FLwi)

BEEMFEFE TbALs ! ORIARESOBRHEHY ~2 (DBL) &L T, 19
TOEMRFRE 1+3 B (MH 1 F+HBGELL3IFOEREREBEY 0 F Yl
B) MEESNA, CHESHBRTEBLTUARNY -2 « 22 X7 IR
I PHALOMBRRATHONAARZLECATFHLBRLALLOTH 2,

BMAETIEEryy—TR, 1I9BEFELDVIOBLBER Yy 7 & —BRHLT
1+3 DECORFHEERE TS DOHREMBLE, TORBTESMAT-1LEAL
RPU—27 « T2 A7 - VHBRPEAREBZLURCERER (SWAT~3) #H
WERBEERBICI IR BRREEBIN T — FLEAPORR LM SHZHLOTSH
5,

SWAT— 3 TOMEEERB I Run 8 S5Run 17T TAH M. MKk — 7 &,

EHEERT. KRFHLEERS -5 L LT, GHERBOE ORR%E
FFORBELARRETVWIREICORBRER L TOBFRRE» GRHITIBLORKR
FHERIEL TR, »

COEIICSAT- SHEACERRFREIAROBNOARELB LAY, BEzo
FREBENCERZLDORTELDIEEBET 7F +E B (Run 19) 2EBEL A,

MBELABERES 7F+ 3. F MU O L-AREHBEZICERTROBMY
BENETL. ABOBVWENRKDERTILEIRRE TS S, BL. Lke/sec
UTFOKY -/ BEREHEEOEELRRIZABLEFTREL, SES T F +
D LRALORISELEY (Na0H Na 0L &) REBHEEHR (Y2XF7F-Y) @
AREEWNTHSZ &N, BRSWMT- 1 ETF3IOHIV—~7 - 72 27—~ UVEEBEIS
BBEHTWV 3, _

ChEREI, WHYWER¥FoF VrBREARBEORY - 7BV TR, REARR
HABRF PO LOKHBZFSRBITADELCEANEELET. BES 77+ NRE
LIt (W EHSHAT- 8 Runl ~7 ORY—7HBRTHRRBEINTVS, ok,
PU— LR -7 LDORBBETHES 7F+ARIBELBEVWLEEbNhE I &N
S, COMRBTENAT— 3 Runl6RU1TEEE L. Run I6REBHBHIBORRE L
WMEH, E-RITRIOUENHOERBLBEETH -2, JORRRNIETR
WFLELOERENFES T+ HOoBBE2ELALLOOD, RNITTHEHRO B
BREELEVWEREL -,

Run-19E 8, TH3AL ) RRJEOELHE:EANNSTHELEIEEL, K
MEBERS 7FryiRGLlLTRELVWEELR S 2kg/sBECTBKkY -2 825X
THEBELZbDOTH S,
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(HBoE8)

SWAT— 3 Run IOERO BN, &RY —7BH2ke/secHBOHRTHRELE WS
ZATVWABEBS 7F + HRNERETRNOLHNEHDOTOLRETENE IO ER
RT3 sich 5,

BECEBELRun 1IBRRTRE., #—-F v FBEELTS Fidk - BRC., 48F 12
BEAATCHBMEEF -/ (MUT. HELRAE., RELFRAMETEEH, )
BL. "FhLABRAEGBOLWRETEHZ, CORBORBR, RRFO 1AL/
ZAMEBQOABRIHBS 77+ WMARBREL 2, LEBERE. TbALw) @
BHER) s BEORAHISCLEARLBEATCLIN., EREVFRLLAERE .
BRAATHDEREETOK - RARCLZLHYENGEL TR VWAD, BERF
FHTH - oAb 2, #-T. HESTF+HEORETZARELEDZ L
LT, BELARTEE2HELT, TRURIOEZBREVEFERELRTRENR
SRV, ELERIK, RBEHOPTHELB 2R LETHLNES2EETILE
b5,

DEoERRCEIWT, SEHORRBR TR -F » FBCBRRUZEREH LS
LuhBuHETRST & E LA

COEIBEROTRTIRun 1I9RBREROEHZREL 2,

QO EIBREES 77 +HoREMRBRELLVWELRRET 2,
@ HABOAALBRBELARABHOHABEFHMIS, REKORTKR., BHAH
EEREEENICIEET S,

(HRB&EH)
* Run-16& Run- 100 HR&EHERT-5-3- 1R T,

(HRBR&R)

ki &

FHHERZ L&A (Y~ 2B ML 85kg/secy 2WH (5 - v +E) &
0.673kg/sec(1 EHA D0, 22kg/sec) LN -Tnd, TbALw) BERBOERSE
HCORIRBR 1 FHLD0.The/secTH LT, NEOERBEELTH., Re
HOLSRINKRET I LLT,. EROIIBEEOHELIL>TVWRERT, BFUE
HEBELTWRILITN S,

cBERMAE

FEROEH SR, REROEEHNRun 1IBRBEHCHLSFREFE SR L,
M7-5-3-1C M BH M A2 ERABRTORESTZRT. HAKOEHREH—5
BIZE R I000CEBAARBRACBIAAL, BERChSDIB Y=y hOEEISE
WHIAOEHAETEL, 1000CHECRECERE (~108) BEhThh. B
BLOWEHIRS 272, Run 16IKBWTI000° C 2RAAFEROAHERLAN, &
HORBLIILERLEVWERABEOEE Yz v B E i, chid, SEHO 1
Y — 2 E1 85kg/seck D HRun 180 HH2 2ke/sec L PPRED T EIEB L
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BEEAoNE. LOLUNOHEBTELIK, VAMEBFS AMNBE L &0
DHBE I, REBOBERERRISESICHEES 7F+OELPTVEHI

Blfoof &

BEhoEHTES,

£T7-5-3-1 A R £ B
Run No. 16 19
£ K £ A =] 1981. 9.28 1985. 4. 4
W K I = 2 RER —
% = B * B XN EERRTERSERE  EERATERTER
%&1 = # 4 =F & 31.8 © X700 ¢ 31.80 X 3.8t XT00 ¢
% = # H 7] " STBA24 §THA24
oKk K v XA PL4143 FL4233
Ok # 0w 0¥ OR® S7F v H S7F v §
" nmY - J X B 10mn®@ 10am®
X #J‘Jﬂﬁé\%%lfﬁ ata 153 162
Ko o&/ B B K C 340 347
i i R B F B K C 340 360
o L&Y — 7 FEEKE  g/sec 2, 200 I, 850
B k. % B sec 80 32
& 7k B ke 228 81
ﬁ 3 '|~ "oy LB E & 340 459
S I R N A i1k —
?’2 EV - -SH#AX—#ZRE atg 0.5 0.5
# ffE A # S - # = ThI —
" 3,?& R D 601 atd 3.0 —
" iﬁ R D 602 atd 3.0 —
% wE|R D 6803 atd 1.5 —
5 Mo % EE R E T 355~ 395 272 ~355
o I # F B B ® T 360 366
o R E A ate 0.5 —
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HIEY 2y FPOBKNEE
REBRTHEoNIHBERERT-5-3-2ILR T,
BAMBHRE Quax=1.1~2.0X10%k cal/(n* + W) &M > TWB, RIEHDBETIH
FhH-THBBETIRES L, BRENACHERRT L L TRASNEELIL LI LD, B
FRERBOEA2ROIBEE., BEFEQORELBHMBENRLLL, TOHRE, a=
8,000~ 15, 000kcal/(n*°C h )T B 1T (2 131210, 000& V¥ 3 104 » 72 0
C DG RunlBIZ B 54, 000~7,000keal/(m*hC) RHE~NTAEL, LA
Run17¢ 4, 000~ 15, 000keal/(n? h °C) KEWVWEER B,

#1-5-3-2 MBHUALDORDABEHE S BIEREBOM (Runld)
BN '

2?2)" # i 5 {k;:1] i 8 (-E':-:%J
T 1101/08 1.5 x 10° 8000~ 15000
T 1102/10 1.5 x 10° 9000~ 17000
T 1108/11 2.0 x 10°¢ 9000~ 20000
T 1104/12 2.0 x 10° 8000~ 10000
T 1113/21 I.1 % 10° 8000~ 12000
T 1114/22 1.4 x 10° 6000~ 11000
T 1115/23 1.8 x 10°% 8000~ 12000
T 1118/24 1.8 X 10° 6000~ 10000
T 1125/33 1.6 x 1o0° 8000

T 1126/34 - _

T 1127/35 - -

T 1128/36 1.7 x 10° 10000
T1137/45 | 1.4 x 10° 8000~ 10000
T 1138/46 I.4 x 10° 12000~ 10000
T 1139/47 1.4 x 1¢0°¢° 10000~ 18000
T 1140/48 1.2 x 10° BOOO~ 15000
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F—=7T v bE (FRE) AIHAE

SEORRTIH., BERERLAIEZAOERIRIBADOERETRIFLTHAMEET - %o
EHEME 150kg/edGE LA, £DRun I6THAMBERNNI oA HERGBREER
LEENLREZWVE, EHOATAMEBFNRBRE-AHIM G, TAREOHBERE
KRRKE -k, COHER, FEHBCRESBONAMETERNAZAENLRRERXR
kg/atic i % O RUNIGDIB & @ £ B H60ke /e il TS ED » %o

16ERD T B, 5ADHAMEEF (Nb3, 71, 40, 2B L V57) HiERBIIHNERREE
Sl CHODHBEBAERT-5-3-3ITRT., TOSHEELVIEIERun 16D24F 1T~
NEPBRODPECR2THEN, THRAEBOTIABEVNEHROBROYRTHELE -
TRV, LALENG, ENTLSAOEANNISGACOEHNTHEL., Ficthsdid
B CHE (RN BTHRLEVDORENEIDIZH TH -k, ) LEZ &G, BEF S F
v DFEFLLRIN 6EA B LVWEAERBEEI EVIARROVESOEERER S 1
ftEE-TRW,

#7-5-3-3 A AMEBOREBRANLBEEBEESN (Runld)

& No. BEMNZ (sec) |BWEREN (g/ ofG)
i 6 3 : 13, 0 163
2 T1 18, 0 . 152
3 4 9 26, 0 162
4 .24 28, 0 151
5‘!‘ 57 3 2. 0‘ 162

 EHRBEOBRBRE .

EHREG, SREOBERECL T, BERESI U 2AF-VHERERRL o
B7-5-3-2c @AM RT LI ZAMEFI6FKP, 55 (No.24, 49, 57, 63, 11D @
ERENBRLTVE, WP LEOWBARBRKAES ., HER L - THIHEICEEBLNE
HokBRFRRONZ, ., BELAGRELIMV - /ERTLOBEBA EBL S ITH
W, TOBBILEPLIOFRACELTEY. MY — 7L OEN s ERT 2 v b
KELBREBMAPLBLYVEHOEANLVBETE b EBbh 3,

Fh, BEARKRBRESRU M- AUNFOAZMEEOA. 8 FAOEHRTREABHS IV
FLURBHAELTEY, TOASKCRABHTEHREA TR Sm~0  mBEOR
B LT f,
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SADELATRIATHACHAIMNELTVWEHOOY 2 RAF -V BLUEBHICLZEA
REBH ORI » T,

CIRIc =M L 2Run IBRR TR ARRORABNBICR I T LI F0 N AMETNE
KEAREIBDMRNICERLTVLWEIEME., ASAHAREKHBOIFORLAER., AR
RERASEARIECLBRHMAREL T F MU PL-KRRETCELIBROREH
Hizh->-THERBEHBICHE AL LB S, Run-16, 150D 3 FDOEHT
MEBEEHRE L THRT-5-3-4ICR T,

ZOMOERTIRBVTIER, H7-5-3-2RFT LI, ghdbREUCTWNY =2 F
- VELUBBCLIIEREREY ORI,

(& %)

THbALs ] BEREBIEBY I TR TF + REOTHELZES L VWIS AKROEN
TERTAELDIIC, ROFHFEEBEIER TR, 272,

© BB 7FrORETAITEMSOBIFVWHERBTLTEHERET L&,

@ SHSBEROEHEWBEELRu-1605%E2EHIT L,

CHETKEBLTRALZELIIE, CRhEDEHEBRIFHEEINILLEEAS, BB,
FT-5-3-5ICEBELA LI, FPUY DY LEE4I CTERFTICENL0 ~140kg/d GO
BREAEERIVSPPEEORBTCHMT I LN TEL, #AMEEORRE bRun-16& &
HEMBACE-TWa, COXINBLVWEHODTT., BRE2RLASAOEHATICHRA
HbEAAMCHESORBOIRESALEM I EMd, 0B AMERERRAHEMEL 2R
LT TCEBS VF 4+ sl EEBDYET TbALy) ORBEETEITERS T F ¢
OFEETIAEERIEINIVELERTEILMNTES
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#®7-5-3-4 Failure occurrence time

Run 16 Run 18
Initial Leak |2 2 0 0 g ./ s 1 85 0 g /s
Tube Gas—-Filled|Water—-Cooling
No., 32 15. 03 sec
No. 438 17. 58 sec
No, 5.8 18. 756 sec
Failure Mode B u r s t Non Failure

#7-5-3-5 Run-i9RBRHEL THALw) EHEERGFL O

SWAT-3 Run-19| FbALs; BEBLHEH
+ b0y LB E| 459C (L WH ) 4 6 9 T
kW, E  A| 160~ 140kg/af G 142kg/ed G
7K il & # B/ oM E A A B E =
ERET 1Sk 0.22kg/sec 0. 7kg/sec
AN E B R & 1 xt 0 . 4
= % ¥ BN B 3. 13 m “ R E 3.8m
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Tube Damage Feature by Posttest Inspection (Run 19)

®7-5-3-2
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