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ABSTRACT

This dccument provides she mathedcicgy fcr defir.i:icn of :he hydraulic
leads produced on the !!:rk I pressure suppression con aiment witied
dour. comers durir.g a posculated icss-of-ccolant acciden:. Resultan:
static equivalent lateral lcada are provided fcr he air cleaving,
cor.densation oscillation and chuggir.g regimes of the pcs:ulated event.

This dccument has been .=re. cared .fcr the *!crh I Cu'r.ers as nart o.f :het

Mark I Ccntair.-ent ?rc;ra.~t.
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1. INTRODUCTION

Task 7.3.2 of the Mark I Containment Program is to develop LOCA Loads. A
subtask of this effort was the definition of downco=er lateral loads due to

air clearing, condensation oscillation and chugging. This report docu=ents

the generation of these downco=er lateral loads.

The load definition is based upon test data from tests performed during 1978
in the Mark I Full Scale Test Facility (FSTF) under various LOCA conditions.

The data was reduced and the loads established by EDS Nuclear Inc. under

contract to General Electric Cc=pany. The =ethods , assumptions , justification

of assu=ptions and results are contained herein as support for tha load

definition as presented in the Load Definition Report (Reference 1) .

,
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2. DESCRIPTION OF LOADING PRENOMENA

Three phases of a postulated LOCA can result in lateral loading on the down-
comer. In the initial phase, the water and air expelled from the downcomer

.reate a transient jet flow into the wetwell. This jet formation may occur

asy= metrically leading to lateral reaction loads on the downeccer. This

phase has been ter:ed air clearing.

When the bulk of the drywell air has besn carried over to the wetwell, essen-

tially pure steam is forced through the downcomers into the suppression pool
where the steam condenses. At the early stages of the steam blowdown phase,
the stea=-water interface at the vent exit is reic.:.ivaly stationary in ti=e.
As the bicwdewn proceeds and the pressure differential between the dt/well
and vent exit is reduced, the steam flux decreases and the steam-water inter-

face takes on an oscillatory character. This phase is termed ccndensatien
oscillation.

At sufficiently low rates of steam flux, a more erratic mot'on of the steam-

water interface occurs as a result of the cc plete and rapia collapse of the
steam bubble. The asy==etric shape of the 3, team-water interface in the sup-
pressica pool and the bubble collapse at the ends of dcwncc=ers results in
lateral loads. This phase is terred chugging.

Because of the randem nature of the chugging phenecenen, there is a s=all but

finite probability that loads en two or co.a downcc=ers will align in the same
directica. This produces a resultant Icading on the vent header thich is larger
in sagnitude than the maximum lead cbserved to act en a single dcw.c:cer. 7:en
two ,or core dcwncocers chug sychrcnously the event has been referred to as pool
chug synenreni:ation.

D h fp (U)
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3. TEST FACILITY

As a part of the Mark I containment program, a test program was defined and
i=ple=ee.ted to obtain full scale condensation oscillation and chugging data.

In the fall of 1976, preliminary specifications for the test progra= vere
established. Construction of the facility was initiated in 1977 and conpleted
in early 1978. Shakedown testing began in March,1978, and the ten test pro-
gram was ccepleted in August, 1978.

3.1 FACILITY DESCRIPTION

Thu FSTF was designed to si=ulate behavior of the Mark I containment system in
response to LOCA conditiens. The Monticello plant suppression chamber (we vell)
was selected as the basis for the reference geocetry for the test facility.
The censiderations nsed in specifying the requirements for the facility and the
Bases for selection e f Montire.llo as the. reference. plant are. contained in
Reference 2.

The facility configuratien is shown in Figure 3-1 and 3-2. The wetvell is

shown in Figure 3-3 and the vent syste= detail is shown in Figure 3-4 The

wetvell is prototypical of ene Monticello bay between the vent pipes and cen-
tains eight levnconers. The internal 'ient header and dcwnecters are also
prototypical of Monticello except that the dcwncocers were shortened to a
reduced sub=ergence (3 ft. 4 in.) to reflect the direction of the contain-
ment progras :: ward n1-igation.,;

3.2 TEST CONDITIONS

Tests were run over a range of conditions representative of postulated ICCA's
for the Mark I Centain=ent. The test paraceters varied were the blewdcwn si:e
and type (liquid and stes=), the downec=er submergence, the initial pool

3G 0684
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te=perature, the final free space pressure, and the vent air content. The

FSTF test = atrix is shown in Table 3-1.

Several changes were cade to the facility as the testing program progressed.
These changes are su==arized as follows.

1. Following test nu=ber 3 the ring header protector (deflector)
and tension-only (prototypical to Monticello) tie straps
between dcwncocer pai 7 and 8 were added.

2. Following test nu=ber 9 three ring header stiffeners and

co=pression/ tension bracing between downce=er pairs 1 & 2,
3 & 4 and 5 & 6 were added.

3. A plate was inserted to inactivate the vacuum breake.r for

test nu=ber 10. This place was re=oved prior to test

nu=ber 7.

4. Following test nu=ber 10 perforations to the stand pipe in
the drywell were =ade.

5. Following test nu=ber 7 the tie strap between dcwnec=er
pairs 5 & 6 was r'e=oved alcng with the two adjacent vent
header stiffeners.

The reasons for these changes are docu=ented in Reference 2.

3.3 INf!Z'JMI:iTATICN
,

For the purpose of dcwnce=er lateral load definitica, data frc= crthcgenal
bending bridges en downce=ers 6 and 3 were recorded fer all the tests. The

location of the bending bridges are shown in Figura 3 ' to 5e =idway Se:veen
the vent header /dewnce=er juncticn and the =itered bend en the downcc=er.

2-2
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Data frem each of these bending bridges was recorded for all ten tests with

a sampling rate of approximately 1000 samples per second with a 13 bit

resolution.

,

*
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.

Table 3-1

FSTF TEST MATRIX

Test (a) Brea.m Break Chugging Downcocer(d)
Initial Conditions

T ,
Number Size Tyne Subnernence w 'ww Occurred Configuration

1-2 3-4 5-6 7-8

1 I3A Steam 3 ft 4 in 70*F 0 p.;ig yes 1 1 1 1

2 I3A/DBA no 1 1 1 1
9

3 IBA Liquid no 1 1 1 1

1
4 Stea: 5 psig yes 1 1 1 3

?
5 120 F 0 psig no 1 1 1 3

1
1

6 l ft 6 in no 1 1 1 3

9 4 ft 6 in 70*F yes 1 1 1 3

10(b) 3 ft 4 in yes 2 2 2 3

I

no 2 2 2(c) 37 DBA

| ?
S T Liquid f f f no 2 2(c) 1 3

Downec=er Ccnfituration:

1 - Free (untied)
2 - Tension /conprassice bracing (pipe)
3 - Tension-ocly tie strap (prototypical)

(a) Tests listed in crder of performance
(b) Air sensitivity :est performed with vacuu breaker replaced with rupture disc
(c) Tie-bar instrumented for a:cial lead
( } See Figure 3-4 f:r nu= bering of devncecers
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4. METHODOLOGY FOR DETERMINING DOWNCOMER LATERAL LOADS

The load definition =ethodology is based upon the =easured response of down-
comer nu=bers 6 and 8 in the FST7 (Figure 3-4) subjected to LOCA testing for
various conditions.

The FST? downce=er lateral loads are defined as Resultant Static Equivalent
Loads (RSEL) which, when applied statically to the end of the dcunce=er, will
reproduce at any given ti=e the measured bending response near the downec=er/
vent header junction. The RSEL vere obtained from the =easured downce=er
bending =o=ents using conversion factors determined from static calibration
tests perfor=ed en the downcomers (Appendix A) . These RSEL are, therefore,
an actual representation of the structural-hydrodynamic interaction which
occurs during a LOCA.

.

The maximum design loads for individual plants are obtained by s.caling the
=aximus RSEL from the FSTF. The scaling factors are derived on the basis of
a comparisen of the dynamic characteristics of the downcemers of the individual

plants and the ISTF.

Additionally, the number of RSEL reversals during the FS!? condensation oscil-
lation and chugging phases were counted and presented in the fors of RSEL
reversal histograss. Since the loads =ay be orien:ed in any arbitrary lateral
directica, :hese histogrs=s were ebtained fer each of eight dia=etrically
opposed angular sectors around the dcwncomer end. The FSTF RSEL reversal

histogra=s are scaled into a plan:-unique set of histegra=s by first scaling
the maxi =u= RSIL reversal on :he sa=e basis as was done for the =axi=u=
design leads. Then the nu=ber of RSEL reversals are scaled by the ra:io cf
the condensa:ica oscillation or chugging dura *.icts specified for the plants
to that of :he FSTF. For fatigue evaluation of the downco=er/ven; header
junction, the plan:-unioue set of RSEL reversals mus: be converted to a set
of stress reversals at the dcunec=er/ vent header junction which result fres
applica:1cn of the RSEL reversals. ~~) rn e rg D'D

e - . ,.:., u,b,0.S t.J\\'CJ

h> h,Uj ;
, , a.. a

h } .D)LJ3
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During the chugging phenomenon lateral loads, i.e., RSEL are imposed on the

ends of the downcocers which are random in both magnitude and direction.
Because of the random nature of these chugging forces, there is a small
but finite probability that the RSEL on two or more downco=ers will align
in the same direction to produce a resultant loading which is larger in
magnitude than the maximum RSEL observed to act on a single downco=er.
When two or = ore downcocers chug synchronously the event has been referred
to as pool chug synchronization.

During the condensation ascillation phenomenon, the resultant lateral or
radial loads on the vent system were negligible because the downce=er pairs
were observed to respond essentially out-of-phase in their plane. In addition,

the net loads observed along the axis of the vent header were smaller than
those predicted for pool chug synchronization.

.

4.1 ASSUMPTIONS

A number of assumptions are involved in the lead definitien methodology. They
are each presented and are followed by their technical justification.

1. The vent header and dcwnce=ers can be considered rigid when
compared to the flexible dcwnco=er/ vent header junction and
therefore the dot..a er will respond dynamically in any given
direction as a single-degree-of-f reedcc (SDF) syste=.

JUSTIFICATION

( )
A cc parison was :ade of the downcoter/ vent header syste=s for

b all M. ark I plants. Bis comparison verified that the downco=arsa
t_ ___.;

are at least 30 ti=es core stiff than their junctions except fore
(. .-)

3rewns Ferry where it is 12 times as stiff. These results see, ,

fd summarized in Table 4-1. Therefere, the downcocer responds
b dyna:tically in any given direction as a single degree of freedes>

-

b This assu ption has been verified by the f 'ston;;g
systa=.

# wing
i

i
anal';tical study. UI

a-2
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A finite element model using 3eam elements and a rotational

boundary element, i.e. torsional spring, was used to model the
downcomer/ vent header structure, as shown in Figure 4-1. The

material and structural properties used for the FSTF downcomer

finite element model were those shown in Table 4-2. The stiff-

ness of the boundary element was selected in order that the

model stiffness matched the measured stiffness obtained from the
FSTF static calibration tests described in Appendix A. The stiff-

ness value selected was confirmed by applying a static load (F)
at the tip of the downcomer and comparing the resultant tip dis-
placement with that of the calibration tests.

For dynamic analyses of the FSTF downcomer/ vent header structure,

added mass effects due to the water were also included. The added

mass used was taker is one-third of the fluid mass displaced by a
closed cylinder of dimensions equal to the submerged portion of the
downcomer. This added mass value was derived such that the saalyti-
cally determined natural response of the derncomer matched the
observed FSTF downcomer response. The appropria:e added mass value

was added to the beam element.? representing the submerged portion
of the downcomer as shown in Figure 4-1.

The dynamic behavior of :he downcomer/ vent header structure sub-
jected to a simulated chugging lo c. was studied to determine

whether the SDF ass ==ption was vi.11d and :herafore :ha: :he higher
modes do not contribute significantly to the response. Modal

analyses using four modes and one mode were performed. I: is seen

from Figure 4-2 :ha: :he resul:ing downcemer rasponse, i.e., tip

displacement, was not sign.ficantly affected by eliminating :he
higher modes, thus confirming the SDF assumption.

2. The lateral hydraulic loads experienced bu :he 75!F downceners during
air clearing, condensation oscillation and chugging are represen:stive

C? ($
0 ' ' D

c, c,
g _ _ .

a i _ u _ IJ( A \_a 2u208L67 -3
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of the load 1 that would be experienced by other Mark I downcomers

for the same conditions. Also the FSTF RSEL reversal histograms
are representative of an actual plant behavior over the same
duration. Thus, for the fatigue evaluation of an individual
plant's downcomer, the FSTF RSEL reversal histogram data must

be scaled by the ratio of the condensation oscillation or chugging
durations in the plant to those respective durations simulated in
the FSTF.

JUSTIFICATION

The magnitude and frequency of lateral loads are principally con-
trolled by the gecmetry of the vent system, blowdown mass flux,
air content and pressure and temperature conditions of the wetusil.
The significant dimensions of the wetwell, ventline, downcomer and
operating pressure and temperature of the wetwell for the FSTF and
the Mark I plants are listed in Table 4-3.

It can be seen frco Table 4-3 that the FSTF typically represents the
Mark I plants except for Duane Arnold which has only about one half
of the number of downcemers. The YSTF simulates a 22 1/2* segment
of a typical wetwell. Because of the ven: line arrangement in the
FSIF, two vent lines are equivalent to one vent line of an actual
plant. Although the length and arrangement of the FSTF vent lines
are not the same, :he total flow resistance (K fac:or) of :he rent
system was sim la:ed :o be :he sa=e.

The drywell volume per downcemer fer :he FSTF was much lower than the
actual Mark ! plants. Since a smal'er wetwell and dryvell volume
would yield a higher pressure amplitude and frequency, the FSTF results
would be conserrative.

3ecause the FSTF is representative of actual Mark I plants, with the
exception of Duane Arnoid, :he 1:ad phe 297; gqd-magni:ude are

0 0represen:ative of actual plants. n
a o JL (;.:' r o

s1 Q feo $.?(s m)'%. - - g- -

"

Dr B 1

o L[bL fJ E [
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.

3. The dynamic portion of the condensation oscilla: ion loads can be

approximated as sinusoidal in nature and the chugging loads can

be approximated as tricngular pulse loads.

JUSTIFICATION

As indicated by the typical bending bridge strain traces shewn in

Figures 4-3 and 4-4 for FSTF test number 1, the cendensation oscil-

lation loads are continuous and sinusoidal and the chugging leads
are triangular pulse loads.

4. The load definition procedure is applicable for loadings where the
measured bending strains on the downco=er remain within the elastic

range.

JUSTIFICATION

For downce ers comprised ef A36 steel having a yield stress of 36 ksi
3

and an elastic modulus of 30 x 10 ksi, the resulting yield strain for

the =aterial is 1200 a in/in. Figure 4-5 shows sa:ple por:icns of the

=easured bending strain responses for dcwneccer numbers 6 and S frca
the condensation oscillation region of FSTF test no. 3. The :est

no. 8 condensa:icn oscillation RSEL were the =ost significant lateral
loads detersined frem :he series of FSTF :es:3, and :he asscciated
bending strains are observed in Figure a-3 :o remain wel* vi:hin :he.

elastic range.

5. The loading on any given downce=er as determined from the reasured

downecter bending response is predcminan:ly due :o a : hug occurring
on tha: downc :er. The effect :ha: chugs en reighboring down:ccers
ha're en :ho. reasured bending response can be neglected.

mm en
9 9

aa-
O ~% },~ [,Yr$bb
o fu_ 5J_ h " La

.
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JUSTIFICATION

Visual inspection of the bending bridge strain gauge data for
FSTF downcomer numbers 6 and 8 determined that the response for
one downec=er was small when adjacent dcwncomers chugged. Figure 4-6

shows a typical interaction response during chugging. For a chug

occurrence at 211.5 seconds on devnecmcr number 6 it is seen that
the resulting response at downcemer number 8 is insignificant. The

structural-hydrodynamic phenomenon which takes place during =ulti-
.

vent chugging is however, inherent in the FSTF data and the RSEL

thus determined include this effect.

6. The load definition procedure has been developed for, and is directly
applicable to downce=ers free of structural ties. For Mark I plants

containing structural ties between each downcemer pair ccmparable in
stiffness to the 2-in. by 1/4 in. tie straps of the FSTF, the plant-
unique condensation oscillation loads may be conservatively reduced
by factors of 0.83 for the I3A and 0.75 for :he D3A. No load reduc-
tion is specified for chugging lateral loads.

JUSTIFICATION

The condensation oscillation reduction factors of 0.33 and 0.73 for
the I3A and D3A loads, respectively, were derived based upon ac:ual
FSTF test ecmparisons be:veen :ied and untied downecter pairs. Fr:e

the FSTF test su==ary presented in Table 3-1, FSTF :ests A, 3, 6 and

9 which were representa:ive of an 13A cendi: ion all had downc:cer

at=ber 6 untied and downeccer number 3 tied with a tension-enly
b prototypical tie strap. A similar configura:ica existed for :he FSTF

_ J~3) DBA test no. S. Both downcomer numbers 6 and 3 frec :hese tests
were analy:ed :o de:er=ine the amount by which the scrue: ural :ie

GEiE) ( ) '

I--
reduces the ma::imum RESEL.y

M (L-, a
'.' i

Ef - A comparison of the =axi=u= RSEL for tied and untied downconers f r:m&
'

:hese !3A and DBA tests is shown in Table a-a. The ra:io of :he tiedb

o-*d , h[(>', ,
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to untied IBA RSEL was observed to vary fro = 0.62 to 0.85 for con-
densation oscillation. Similarly, a ratio of 0.61 was observed for

the condensation oscillation regime of FSTF DBA test no. 8. IBA and

DBA condensation oscillation redue: ion factors of 0.85 and 0.75,
respectively, were therefore selected as conservative representative
values.

For determination of chugging lateral loads on tied downec=ers, the
load definition procedure may be used without introducing edditional
conservatism, since the chugging loads observed in the FSTF were

directionally random in nature. This conclusion is supported by the

cocparison of =aximum RSEL for tied and untied downcocers for :he

chugging portions of FSTF test nos. 4 and 9. As shown in Table 4-4,

the ratio of tied te untied RSEL from test nos. 4 and 9 are 0.87 and
1.02, respectively.

7. When concidering the chug synchronization load, all dcwnecters experi-
ence chugging in phase and the magnitude and direction of the chugging
load on a downcocer is statistically independent from all other
downcomers.

JUSTIFICATION
.

Observation of the FSTF data indicates : hat chugging lead magnitude
and direction are both independen: of the downcomer upon which :he
loads were seasured. This is confirmed by the sca::er diagra shown

in Figure 4-7, which shows peak chug magnitude versus direction for

downcomer nu=bers 6 and 3 of FSTF :es: no. 1. Since :hese downcocers

( } were the only two ins rumented for downeccer la:eral loads and were

C .y j _ independent, it is reasonable to assume that they are representa:iveL-, c
.J w'

(C of any given nu=ber of such downcc=ers. *i i

L?ld) @b
E

M (g gj) Chugs occurring simul:aneously or in phase were not
2E observed in the

FSTF data but was introduced as a simplifying assumption. Neglecting
''

:he random occurrence of chugs is a conservative assurp:1cn.
b)

.,v.
c - ddbd kJs
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4.2 PIAK LOAD CALCULATION

The most noteworthy feature of the downconer load definition is that it is

based on the measurement of significant structural response to the lateral
load, rather than the load itself. It is this feature that permits the load

to be defined in a form that can be used together with static analyses.

The instrumented downec=ers of the FSTF have a pair of bending bridges
installed just below the downcomer/ vent header intersection as shown in

Figure 3-4 and schema:ically in Figure 4-8. These bending bridges are initi-

ally calibrated by applying static loads to the downconer end in directions

corresponding to P and Pg , and the calibration constants so determined are3g

used to establish the following relationship:

, , -
,. ,

NS b'N bE *NS
* * # *= (4.1)P. L, L, e
. t'd , . z.< t. . . t'd ,

where:

33 Measured bending s: rain in the North-Southe =

direction, in/in. Compression at North

side is positive.

e ,j Measure bending 3::ain in :he Eas:-West=
g

direction, in/in. Cocpression at East
i

side is positive,

bE' k E Input constants for calcula:ica of equivalen:=

lateral force in the I:st-h'est direc:icn.

3 , . K_g Input constants for calculation of equivalent=

la:eral force in the North-South direction.
poO O

oa1
_- c- -

w...u Un,UC5 o,D) y ;
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P
NS 9" ** ""* * *" ##* " * "" ""

downcomer in the North-South direction, lbs.

North is positive.
.

P
EW S" #* "" * "## ##* **"

downcomer in the East-West direction, lbs.
'

East is positive.

The input or calibration constants (K) are determined from the static cali-

bration tests described in Appendix A. These constants are determined by

first calculating the flexibility coefficients (F) and then converting them

to stiffness or input coefficients as follows:

F is the bending strain in the North-South direction dueg3

to unit lateral force in the North direction, i.e.,

slope of line drawn through calibration data as shown

in Figure 4-9(a).

F is the bending strain in the East-West direction due33
to unit lateral force in the North direction, i.e.,

slope of line as shown in Figure 4-9(b).

.

F is the bending strain in the North-South directica dueg3

to unit lateral force in the East direction, .e., slope

of line as shown in Figure A-9(c).

F is the bending strain in the East-West dire: tion duegg

to unit lateral force in the East direction, i.e.,

slope of line as shown in Figure '-9(d).

then
;
'c g.,. ,

Q O %l '* J .

*s

LL)(Q)Jd
_

J

D E_ Q|=
i 1.s

o SJ J & )L b
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where D F F F= ~

g EE NE EN
.

The equivalent lateral forces in the North-South and East-West direc: ions are

then combined into resultant static equivalent loads (RSEL) and resultant angles
(RA) as follows:

P 2+P 2
RSEL =

EW NS

I*~ 'W PEW > 0-1 ~

RA TAN l IF=

(PNS NS > 0P

/P ,j)j + P .,< 0
_1 y~

180* IF
y"

TAN l
"=

(PNS/ NS
P 0

.

h P ., < 0

-1 |/P.W|
c .360* IFTAN= +

P
PNS > 0\ NS/

~1 (P ., P _. , < 0y"~ 'dT.u 1 + 180* IF=

(PNS PNS > 0

The development of lateral loads from the FSTF data is illustra:ed sche =c:1-
cally in Figure 4-10. During each tes: tize, strain data fr:m :he pair of

bending bridges are recorded (Figure 4-10 (a)). Using :he relati:nship in

Equa:1on 4.1, orthogonal lateral load time histories 2: :he downcocer end

(t "s~*.~r~.r;t)ut w
.-10
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.

can be computed and vectorially combined for each time point (Figure 4-10 (b))
to obtain the time traces of resultant load and angle of application
(Figure 4-10 (c)).

For air clearing and condensation oscillation, the peak design load is defined
as the maximum RSEL observed in the FSTF DBA and ISA tests. For chugging,

however, a 95th percentile lead derived from the critical chug-related RSEL
trace is the defined design load. This 95th percentile load definition is

justified based upon the random nature of the chugging phencmenon.

4.3 FATIGUE LCAD CALCULATION

For fatigue evaluation, the nu=ber of load reversals in the RSEL trace at

different load levels are counted and histograms of the number of reversed
cycles versus load level are obtained. Since the direction of load (RSEL)
can be arbitrarily criented at any instant of time, 8 equal and diametrically
opposed sectors of 22 1/2* are defined, and individual load histogra:s are
developed for each sector. For the structural evaluation of a dcwncomer of
the FSTF configuration, :he peak design lateral lead can be used directly as
a static equivalent load to analytically determine stresses at any desired
location in the critical regica near the downcemer vent header intersection.
Since the load is based on the maximum peak observed in the RSEL trace, the
extre=e dynamic response is represented by the s:atic load.

Ecr fa:igue evaluation, the stress at a selec:ed cri:ical location of the
downcomer/ vent header intersec: ion, due to unit lateral static load applied
at any desired angle 9, can be determined by analysis, and then used to cenver:
the load reversal histogram to a stress reversal hiatogram for the selected
loca: ion. The s:ress reversal his:ogram can then be used in cenjunc: ion wi:h
an appropriate fa:igue damage law :o evaluate cumulative damage.

Several methods for estimating fatigue da age under randem cycling are available
in the li:erature. Some metheds make use of the sta:istical charac:er of the

a u cA">,J' (-)c. < t

'
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cycle pattern, as characteri=ed by mean and standard deviation of the signal.
Others involve essentially a direct cycle counting approach in which the
fatigue damage contribution of each individual cycle is calculated and summed
to estimate total fatigue damage. Because some cycling does not adhere to any
consistent statistical distribution such as normal or Gaussian, it was decided

,to use a direct cycle counting approach to evaluate fatigue damage. The

Ordered Overall Range (00R) approach of References 3 and 4 was selected to
perform the cycle counting operation.

00R is an abbreviated cycle counting approach which permits selection of a
s=all number of load reversals which account for a large fraction of the fatigue
c. sge. Figure 4-11 illustrates application of the approach to a simplified
load trace. The first step is to select the largest overall range of a load
trace from the highest peak to the lowest valley (Points F and U in Figure 4-11(b)).
Next, a screening level of some percentage of the largest overall range (50*
in Figure 4-ll(c)) is selected and all reversals are counted which exceed that
screening level, keeping track of the sequence in which the reversals occur.
Only reversals which occur in a peak-valley-peak-valley sequence are con-
sidered. (Note that in Figure 4-ll(d) the range between reversals H and M
is actually larger than the counted range between M and R, but the former
range was not counted because it was not in the correct sequence and would
yield a peak-peak-valley-valley sequence in conjunction with the largest overall
range.) The screening level is than reduced increcentally to zero, and a lead
spec: rum af screening amplitude versus number (or percent) of cycles greater
than the screening ampli:ude is produced as illus::ated in Figure 4-il(e) .s
The finer the screening level increments the = ore ac: urate will be the repre-
sentatien of the actual cycling. The resulting COR load spectru= can be used
to es:i= ate fatigue da: age in conjunc: ion with any f ati;ue curve and cumulative
damage law desired. In =any cases, only :he upper pct:icn af the load spectrum
is required to obtain a reasonably accura:e damage estinate since higher stress
cycles tend to dominate fatigue damage calculations. For the fatigue load

definition, only RSEL reversals which are greater :han a :hreshold of 3% of
the maximu= load range were counted for :he histegraus, since cycles of smaller
=agnitude do not contribute :o significan: fatigue usage.

wmux:r {Yy.).~
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Using the 00R methed, a computer program was developed to accurately perforn

_the cycle counting and to generate load reversal histograms. Such histograms
have been generated for both the DBA and IBA condensation oscillation and
chugging load definitions. Air clearing is not considered to be of sufficient

duration to contribute to fatigue damage and thus no histograms were generated
for this load. The histograms are generated for each of 8 downcccer sectors
as shewn in Figure 4-12. A sample histogram is shown in Figure 4-13. These

RSEL reversal histograms are converted into stress reversal histogra=s and
then used for fatigue evaluation. This conversion technique is explained in
Section 4.5.

4.4 CH"GGING SYNCHRONIZATION LOAD CALCULATION

For the care of pool chug synchronization, the probability of exceeding a
given force magnitude at least once during multi-downccmer chugging is deter-
nined from probability of exceedance curves derived from the FS!? data shown
in Figure 4-14 The load per FSTF downcener can be obtained frca che curves

for varicus nu=bers cf dcwnce=ers once an acceptable probability level of
_?exceedance has been established. A probabili:y of exceedance of 10 ~ is cen-

servative for this application. The resultant lead in any directica due :o
pool chug synchronization may now be determined by multiplying the number
of downconers being con'sidered by the load per downce=er. It is necessary

to scale this resultant FSTF lead by the same scale fsc: r used previously
for scaling the 95th percentile FSTF chugging load to determine :he resultan:
lateral lead on a plcnt-unique Mark I vent system.

4.5 APPLICATION To MARK I DOWSCCSERS

The downco er lateral loads defined fer :he FSTF consist of peak design loads
and histograms of load reversals. As discussed in the previous sec:icns, both

of these representations of the leading have been developed as equivalent
static representations of dynamic response. In order to scale these equ2 valent
static quantities froa the FSTF to ob:ain equivalent s:stic quanti:ies for a
specific plant, it is obvious that :he scaling vill depend on the dynamic prep-
erties of the two systems. A simple scaling precadure based en the natural

frequency of :he downco=er and :he predccinant frequenc,* of the lateral 1:ad
,, o.. o,u r nn, %
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has been devised. For the peak design load, the application =ethodology
described herein is essentially a scaling procedure based on the ratio of the
dynamic load factors (DLF's) between the parent system (FSTF) and the system
for which the downcomer lateral load is sought.

In Reference 5, DLF is defined as the ratio of the maximum dynamic deflection
to the deflection which would have resulted from the static application of the
load. For time varying loads, DLF is usually taken as the maximum value during
the period of interest. This factor is typically a function of: (1) The

driving frequency (or duration) of the disturbing force, C; (2) the natural
frequency of free vibration of the system, u; (3) the structural damping, 2;
and (4) the shape of the disturbing force. For example, when the load is

sinusoidal, as representative of the condensation oscillation phenomenon, the
expression for the DLF is:

D D

1 ][DLF =
e; es

- -

2S

+ 4 (==2
,

/1L '3 3e ,

e)UljU(01 I " _.)
-

( u2j u -

where the condensation oscillation driving frequency C was cbserved from the
F E T'.- tests to be approximately 5.5 cps.

This relationship is shown in Figure 4-15 for various values of 3/a, which is
a measure of system da: ping. Fr:n Figure 4-15 it is obvious : hat for constan:

C, the higher the a, implying a stiffer system, :he smaller :he DLF for .~./u
ratios less than unity.

For the chugging phenomenon, :he load is approxima:ed as a symme:rical :riangular
pulse. Frca Reference 5, the dynamic load fac::: for :his forcing functica is
defined as:

-

,
-

DLF 2 sina(: - :d/2) ~ *iU" ~ #i="(= ~ d), %;M3
=

where :he duration of :Se chug icad : was cbserved frca the FSTF :ests :o be
approximately 0.005 secends.

2-It
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The time-dependency of this equation can be removed by approximating the time
to maximum response to be T/4, where T is the natural period of the downcomer.
This is a valid assumption since chugging loads are of short duration and thus

the downcomer would oscillate freely after receiving an impulsive load. The

time to maximum response would then be one-quarter of the fundamental period
of the structure. Using this approximation, the above equation becomes:

[we-
9 d

"

DLF
~

2 cos - cos(utd) - 1
=

2ut
d \- -

These dynamic load factors for condensation oscillation and chugging form the
basis for the application methedology. The FSTF loads are scaled to indi/idual
plant loads according to the following relationship:

DLFP X --
,

P ( 4 ' ~' )
=

MAX 1' DLF
l

where F downcomer lateral load for the parent system (FSTF)=
1

P de'.ncomer lateral load for the system of interest=
z

DLF DLF for the system of interest=

DLF DLF for the parent system (FSTF)=

1

For the fatigue histograms, the maximum RSEL reversal levels are scaled in a
manner similar to the scaling of the peak design 1:ad, i.e., based tn DLF's.
The number of cycles of load reversal are also scaled by tne ratio of the
actual condensation oscillation or chugging durations specified for the plants
to those respective durations observed during the FSTF tests.

., t > s :fLn. T# ; p<p :a
.

a .-
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The dynamic load factors depend upon the natural frequencies of the single-
degree-of-freedom systems representing the downcomer/ vent header structures.

For the range of the Mark I plant downcomer geo:etries, the ratio of the
dynamic load factors between the FSTF and a plant-unique downcocer is essen-
tially independent of the direction of load application. This was verified
by calculating and co= paring the DLF ratios for the FSTF and a representative
:brk I plant in the North-South and East ' Jest directions. These directions

were selected because their associated frequencies bound all possible down-
comer frequencies. The resulting DLF ratios in the two directions agreed to
within 0.5 percent. Therefore, for consistency in using this in this pro-
cedure :he dynamic load factors used in the scaling relationship are to be
determined en the basis of the downco=er frequencies in the East '4est direction.

The natural frequency in the East '4est direc: ion can be deter =ined once the
rotational stiffness of the downcecer/ vent heade: junction and :he = ass = omen: ~

of inertia of the downeccer in this principal direction have been ascertained.

The mass moment of inertia sust include the added = ass of the water for the
submerged portion of the downcocer.

For condensa:Lon oscillation, the =aximum FSTF D3A loads were observed from the

data to occur within :22 1/2* of the East *4est direction, i.e. in the plane of

the downcocer pairs, as identified by sec:crs 4 and 5 in Figure 1-13. Si=ilarly,

maximum I3A loads were observed c occur within :15* of the East-West direc: ion,
i.e., sectors 3 through 6 in Figure 4-13. Therefore, the plant-unique design
load ? da: ermined frca Equation 4.2 for ei:her a 03A cr ISA evaluatica mus:=ax
be applied :o the end of the plan:-unique devnecters wi:hin the above-defined
respective direc: ions such as to maxi =1:e the stresses at the downcemer/ven:
header junctica.

The direc:icn of :he maximum chugging leads was :bserved from the FSTF :ests :0
be random. The =aximum design chugging lead mus: therefore be applied :o the
end of the plan:-unique downcocers in a direc:icn which =aximizes :he stresses
at the downcomer/ vent header junc:icn.

~l[ [D'D
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~
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This DLF scaling approach was verified by comparing the finite element pre-

dicted dynamic response of the FSTF and Cooper Station downcomers with the

corresponding response predicted by the DLF scaling procedure.

As an example, the Cooper Station and FSTF downcomer/ vent systems were analyzed

using the finite element method, and the results compared with those obtained

from a DLF scaling approach. The finite element model used to represent the

FSTF downcomer/ vent header system is depicted in Figure 4-2, and the structural
and material properties are given in Table 4-2. The Cooper Station downcomer/

vent header system was similarly modeled using the properties given in Table 4-2.

The rotational stiffness (krC.,.) of the Cooper Station downcomer/ vent headerc
junction was obtained by scaling the FSTF downcomer/ vent header stiffness using

the following empirical relationship (Reference 6):

- -

!nEd t T T D
1 >u a

r 8 (Dj
-

(d-t

- -

where

d cean dia eter of downcemer=

=ean diameter of vent headerD =

wall thickness of downeccert =

vall thickness of vent headerT =

elastic =cdulusE =

and a indicates "directly proportional".

.

*
e e *\ t sQ Sri!r]p*Jg-
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Using dimensions for the Cooper Station and FSTF downcocer/ vent header

structures as given in Table 4-2, the rotational stiffness of the Cooper
Station downconer/ vent header junction was found to be:

D
FSTF

(k )C.S.r D 'k )FSTF
= x

rC.S.

It is desired to scale the experimentally determined blewdown response of the
FSTF devncomer/ vent header structure to other Mark I downcomer/ vent header
structural configuraticas. The scaling law, using the single degree of freedom
assumption, is given as

IDLF \ L\M M l 1 --) (4.3)=

1
(DL_r1/ 1/

L

where
.

M in downcemer of a particular Mark I plant at a me=ent= =ccent

arm length L frca the downermer tip,

M moment at the bending bridge in the FSTF downcccer a:=
y a

moment arm length L from the downcomer tip,
7

DLF dynamic load factor for a particular dcwnce=er/ vent header=

system,

DLF
t dynamic load factor for the FSTF downce=er/ header sys:es.=

It is seen frem Equation 4.3 that the =ccent in a Mark I downceter which is
geccetrically similar to :he FSTF dcwncocer is simply pecportional : :he soment
in the FSTF downcocer, the ratics of the =ccent arm lengths and :he DLF's. As

previously discussed, the DLF's are defined differen:ly for the condensation
oscillation and chugging regions of a blowdown.

c ' .e;y)end DN .% (
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A finite element analysis of the FSTF downcemer and the Cooper Station down-
comer was performed for both condensation oscillation and chugging loads. The

coment response of the FSTF downcocer nu=ber 6 subjected to simulated chugging
and condensation oscillation loadings is shown in Figures 4-16 and 4-17,
respectively. The DLF scaling procedure was verified by applying Equation 4.3
to the maximum moments indicated in Figures 4-16 and 4-17. Applying Equation 4.3

for a chug load resulted in a maximum moment in the Cooper Station dcwnce=er of
106 in-kips which cocpared cery well with 105 in-kips obtained from the finite
element analysis. For the condensation escillation load, the maximum =ccent

for the Cooper Station down:ccer was 248 in-kips as ccmpared to 284 in-Lips
obtained in the finite element analysis.

Once the number of cycles of load reversals has been deter =ined and scaled to

the individual plant, then the RSEL reversals must be transformed into devncocer/

vent header stress reversals. One method which can be used to transfor= the
loads to stresses at a particular point "A" near the downcccer/ vent header
intersection, Figure 4-18, is through a load-stress transformation matrix.

This matrix =ay be obtained frca a detailed static finite element analysis of
the downcener/ vent header struc:ure. First, a unit load F, would be applied

5
at the downcecer end in the North direction (Figure 4-13) to obtain

c, = KF (4.5)33

where : is a represen:ative stress measure to be used in fatigue analysis,a

Similarly, a unit load F_ vould be applied 2: the devncocer end in the East
direction to ob:ain a similar stress measure r as

b

E F.0 =

3 g _ (4.6)

which upon ceabining stresses yields
. .

= . . .

#'a " (K K) E' (E 7)7 " J
N. r.a .y-

W

p#% ."

U N3 f e4; ,
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For an arbitrary loading P,having components P and P the resultant stress is3 g,

KP (4.8)e =

where the transformation matrix K will, in general, be dif f erent for different
locations of stress determination.

The total number of stress reversals at a location selected for fatigue evalu-
ation is obtained by su= ming the stress reversals produced at the location by
the condensation oscillation or chugging RSEL aeversals in each sector.

4.6 CONSIDERATIONS FOR 3 RACED DCWNCCE RS

The preceding methodology for determination of dcwncemer lateral loads was

originally developed for unconstrained dcwnce=er systems based upon experimental
data cbtained from the FSTF. Subsequent to the initiation of testing in the
FSTF, a decision was nade by sever.'l of the Mark I plants to brace their
downec=c:/ vent header syste=s. Because of this trend toward stiffening the
dcwnecters, additional work is in progress to use the existing FSTF data base

.

to develop DBA and I3A condensation oscillation and chugging loads for tied
downco=ers.

SG'O.9Dd.
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Table 4-1

CO!!PARISO!1 OF DOutlCOt!ER & DOut!C0t!ER/VEtlT llEADER JUtlCTI0tl STIFFilESSES

Down- Distance
lleader Down- comer lleader & Down- Down-'

iteader Wall comer Wall to down- comer comer Junction
Internal Thick- Internal Thickness couer I,ength Stiffness Stiffness

Downcomer dia. ness dia. (junction) edge (approx) Kd Kj Ratio
Plant Type Di(ft) T(In.) d1(In.) t (in.) II(ft) h(ft) (lb/in) (1f/in) k /K

d 1

ttonticello 11 4.75 0.25 23.5 0.375 11.0 9.314 84800 1280 66.5

tillistone 4.75 24.0 0.5 10.354 8.668 112000 1500 74.5
Dresden 2,3 4.833 24.0 0.5 10.125 8.409 123000 1580 77.4

Quad Cities 1,2 4.833 24.125 0.375 10.125 8.409 125000 1590 78.2 5
yVermont Yankee 4.75 23.5

_
11.0 9.314 84800 1280 66.5

PiInrim 4.75 24.0 10.354 8.668 112000 1500 74.5 we
e', Peach liottom 2,3 4.833 23.625 9.0 7.284 180000 2080 86.6 $"

Fitzpatrick 4.75 23.5 10.667 8.981 94600 1370 68.9 d
Cooper Station 4.167 23.5 10.125 S.645 106000 1580 67.1
Itat cli t 4.5 23.5 9.875 8.277 121000 1660 72.8
Ilatch 2 4.5 23.5 10.208 8.610 107000 1530 70.0
Fermi 2 4.25 23.5 10.125 8.616 107000 1580 68.0
niunt.u1ek 1,2 4.5 24.25 9.417 7.819 157000 1920 82.0

Oyster Creek I 4.583 23.5 0.5 10.479 8.851 98800 1440 68.7
tline !!ile Pt. I 4.792 0.313 24.0 0.688 9.0 7.297 188000 3710 50.6

,, Browns Ferry 1,2,3 IV 4.75 0.5 23.5 0.25 10.875 9.181 88500 7430 11.9y;
[- Duane Arnold iII 3.5 0.25 23.5 0.25 9.5 7.74 148000 2150 68.7
j. .
C
Q
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Table 4-2

FSTF AND COOPER STATION DOWCOMER/ VENT HEADER PROPERTIES

AND NATURAL FREQUENCIES

MATERIAL PROPERTIES FSTF COOPER STATION
5 6Elastic Modulus (1b/in ) 30 x 10 30 x 10

Poisson's Ratio 0.27 0.27
Density: (slug-ft/in ) 7.32 x 10 ' 7.32 x 10-

-

Downcocier

D.C. with Added Mass 2.66 x 10- 2.66 x 10-

STRUC URAL PROPERTIES

L1 (in) 55.69 60.64

L2 (in) 45.12 51.30

L3 (in) 40.0 51.30
.,

A7 (in') 28.127 28.127

A2 (in ) 13.653 18.653

I1 (in ) 2004.60 2004.60
4

I2 (in ) 1315.34 1315.34

K (in-lb/ rad) 2.165 x 10 2.313 x 10

NATURAL FREOUENCIES

6.36 6.379
1

219. 173.
*2

417. 346.
"3

606. 617.
"4

A-cross sectional area

I-area eccent of inertia

L -subter;;ence depth3

K;-reta:10nal spring stiffness

< >kJ N.s * uE.b j.
.

%J
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Table 4-3

Cot 1 pal (ISON OF FSTF AND !!AltK I CONTAIN!!ENT SIGNIFICANT WETWELL D1HENSIONS

FSTP Range of itK I Plants Duane Arnold

Diameter of wetwell 27.66 27.0-31.0 25.66
(I.D.) ft

Diameter of ventline 3.90 5.917-6.75 4.75
(l.D.) ft

Diameter of Downcomer 1.96 1.9375-2.021 1.958
(I.D.) ft

C o f tie t wel l t o C o f 4.0 3.0-4.0 0
Downcomer ft. :4

E
Distance between 4.0-5.0 4.0-7.0 5.0 ?

y downcomers along vent g
[ header ft sa

Ventline length ft 35.16 20.302-33.55 27.281

Downcomer length 9.54 6.992-9.917 7.74
(snm of sections) tt

Dryweli Volume per 874 1400-2110 2450
Downcomer, fL3

Submergence, tt max 4.5 3.33-5.0 3.395-3.046
min 1.5 3.0-4.29

CO _

c- tJetwe11 operating max 5.0 _2.0- 0.5 _2.0
? .,' pressure, gna i g min 0 0.5- 0.2 2.0
E'
C Wetwe11 operaLinn max 120 95 82
2) temperature "P min 70 40 80

1: factor foi vent system 4.8 4.8 -
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Table.4-4

COMPARISON OF MAXIMUM RSEL FOR

TIED AND UNTIED FSTF DOWNCCSERS

Ratio of
Test Break Event Downcomer 6 Downcomer 8 Tied /
No. Size Type (Untied) (Tied)(a) Untied RSEL

M4 IBA C.O. 1546 1241 0.80
Chugging 1061 928 0.87

MS IDA C.O. 2180 1344 0.62
Chugging None None

M6 IBA C.O. 1375 911 0.66
Chugging None None

M9 IBA C.O. 1271 1084 0.85
Chugging 1194 1217 1.02

MS DBA C.O. 4122 2517 0.61
Chugging None None

(a) Tension-only prototypical tie strap

3b2.l03
1-24
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1. TEST SCHEDULE

Six downcomer bending bridge strain gage calibration tests were performed by
Wyle Laboratories ( involving a pushing or a pulling between downcomer number
5, 6, 7 and 8 of the Full Scale Test Facility (FSTF). The test sequence is

given in Table 1. The objective of these tests was to determine load / strain

transformation coef ficients for downcomer numbers 6 and 8 to be used in the
methodology for defining downcomer lateral loads.

2. EQUIPMENT

2.1 Calibration Assembly

The forces required to generate the bending =ccents were generated by a specially
designed calibratica assembly. This asse=bly consisted of a calibration fixture,

some miscellaneous parts and fcur cross assemblies which were welded in place in
the downeccers. Each cross assembly had a pin located at its center to which
one end of the calibratien fix:ure was attached. The center pin on the cross

asse=bly in the other test downconer was attached to an auxiliary piece which
connected to a dynamometer. The other end of the dynaseteter was connec:ed
through a screw asse=bly to the calibration fixture. The nut on the screw
asse=bly could then be turned to =anually apply the load. The dynarcaeter was
installed in an in-line posi* ion with :he force such that 1: was held in tensica
for both push and pull tes:s. Figures 1 and 2 illustra:e the use of the cali-

bra:1cn asse=bly.
rn -

D
.

D

2.2 Instrumenta:icn )jlej
._n' _ ,y -

D \[_|Dj_jr,

2.2.1 Disolacecen: 02;es ( g

Downcocer d' "'-----me was ressured using a Kafar displacement gage which has
a range of 0-1 inch with an accuracy of : .001 inch. The displacemen: gages
were mounted independent )f the downcccers and the lead applicarica fi:::ures.
Figure 13 illustrates how the displactnun: gages were tcented.

(1) Wyle labora: cries Final Da:a Repor: for :he Recalibrati:n cf :ht Dcwn-
ceter Strain Gages, Repor: ;io . 26293 '., Sep;en'er 2?, 197S.. :

o .rs1 O tG.y 3 431 ?W?
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2.2.2 Dyna =o=eter

An F. A. Dillon Co. force gage, calibrated over a 0-2500 lb. range, ace trate to
t 25 lbs., was used to =easure the force incre=ents applied to the downco=ers.
The positioning of the force gage for the two types of tests is shown in
Figures 1 and 2.

2.2.3 Strain Gages '

Downco=er nu=bers 6 and S are instrumented with full bridge strain gages located
on cross axes for the =easure=ent of bending stresses. In addition to the full

bridge gages there are eight uniaxial strain gages, located at the intersection
of downce=er No. 6 and the vent header, lying in a pattern of one every 45
degrees (beginning top dead center) around the circu=ference of the downco=er.
There a''e eight additional gages located in a si=11ar =anner around downco=err

No. 8.

These full bridge and uniaxial strain gages are ce= prised of Ailtech Model
SG-158 weldable strain gages which are tenperature compensated to a te=perature
of 650*F. The uniaxial gages were =cnitored to insure that stresses did not

exceed yield in the region of the downce=er attach =ent to the veat header shell.

Sign conventions for the bending bridges were north and east, positive output;
south and west, negative output.

2.2.4 Data Accuisition Svste=

Data acquisition was accomplished using a Varian V77-600 =inicomputer and a SEFF
syste: 620 signal condi:ioning and a=plification syste=. rN FN

D D

OO.
3. CALIBRATION PROCEDURE r? 0] 02 1 1

f TF
';,

o jl
_
dj b AJJ UD

The calibration asse=bly was installed and the test sequence su==ariced in
Table 1 was started. Each tes consisted of three unrecorded shakedown cycles
followed by two recorded cycles. Each cycle consisted of loading :he downco=ers
in 300 lb. increments up to 2400 lbs. and then unloading in 300 lb. incre=ents

. A-3
O > s " ::s)\1r c.tw*?.
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back to zero lbs. The loads were applied in a s=ooth, even, continuously increasing
or continuously decreasing sanner and were held constant during data acquisition.

A-computer listing of all bending bridge and uniaxial gages was =ade at each force
increment for all tests. These listings comprise the only test record of strain

gage data. Data for the Dillon force gage and the displacement gages were recorded
on data sheets by test personnel inside the wetwell.

4. TEST RESULTS

4.1 Linearity

s

Linearity was excellent on the force vs displacement plots with a correlation
greater than .99 on the lines established by linear regressions on the test data.

.. .

Linearity was also excellent en the force vs bending strain plots for the
primary bending bridges (bridges oriented in the plane of the applied force).
Linearity was evident, though not as pronounced, for strain data f cm the bend-
ing bridges transverse to the directicn of the applied force.

4.2 Repeatability

The data de=enstrated a high degree of repeatability. Examination of the picts

showed the patterns follewed by the data during the first cycle, with few
exceptier.s, were seen in the second cycle plots.

a.3 Data Consistency

Displacement and bending bridge data :=rrelated well, with the higher bending
C3

r[mstrains indicative of the greater displace ent. D D

LI W 6 b
n - ,

4.1 Hysteresis Iffects '

DI
q -

,I
e p

Ba :. , Ii,
s +- c

O -(

Little hysteresis was observed in displacement inc primary bending strain data.
The hysteresis in the transverse bending strain data was usually greater than that
fer the prinary bending strain data.

J( b' 4.4.tM jt*r] rer,

A,
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4.5 Push-Pull Cemparisons of Downcomer Numbers 6 and 8

The data displayed in the push-pull comparison curves was derived from actual

test data by taking the averages of the data points for each cycle in the test

of interest. Slepes are derived by taking a linear regression on the actual

data points. Slope magnitudes were, in general within 3" of one another for

the correspending push and pull tests. Typical results are provided in Figure 4

for Tests No. 3 (pull test) and No. 6 (push test) conducted on downcomer
number 6.

Downce=ers No. 6 and No. 8 exhibited a similar value of stiffness in the axial
direction. A comparison of the stiffness in the radial direction indicated

that downcomer No. 8 is about 14% stiffer than downcomer No. 6.

. .

*

. 5 V A , . . .. v ***
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Table 1

SC01ARY OF PUSH / PULL CALISPATIO!! TESTS PERFOR:!ED ON T'IE

FSTF D0'J::CC:iERS

Test
Secuence Test No. Test Tvoe D/C Pair

1 1 Pull 5&6

3 2 Pull 7&S

6 3 Pull 6&8 .

' '

5 6 Pysh 6&8

2 7 Push 5&6

4 8 Push 7&3

d_ D 4,.r 4'_qr . . .a i :

.
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APPENDIX 3

CALCULATION OF ROTATIONAL STIFFNESS CONSTANTS FOR

FULL SCALE TEST FACILITY DOWCOMERS

.. .

#.m,

3-1
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The di=ensions of the FSTF downcomer/ vent header system, which basically
correspond to the Monticello plant geometry, except for a shorter down-
comer, are given in Figure 1. The downcomer can be assumed rigid with
respect to the flexible downcomer/ vent header junction. The downcomer/ vent
header system can therefore be modeled as a rigid downcomer with a rotational
spring at the boundary, as shown in Figure 1 (b). For a rotation (9) of the
devncocer about the junction in the East-West direction, the rotational dis-
place =ent ($) at the end of the downcomer is

t = 91 (1)

where i is the radial distance from the junction to the downcocer end. The

corresponding lateral displacement (o) to the rotation (9) is

S = S' cos a (2)

where the angle (n) is as shewn in Figure 1(b) . If a load (?) is applied in

the East-West direction to the end of the dcwnconer, the resulting moment (!)
at the downce=er/ vent header intersection is

M = F1 '(3)

where 1 is the vertical distance from the junction to the downcocer end. Tne

=oment (11) can also be expressed as

21 = k. S (a)u

where v. is the rotational stiffness of the dcwnceter/ vent header junction in
the East-West directien.

Equating Equations (3) and (4) , we have

FI' = k i = k. [ = k,
*

1 iu t - ces a

m l

D D

oa& w.....
~ ]-

- muc.waQ "D
^

m Ju d]; l "A \_a
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-

or

6F=k (5)1 l'1 cos a

but F can also be expressed as

F=k 6 (6)ew

where k is the force required to produce a unilateral displacenent of theew
downconer end in the East-West direction. The average translational stiffness

k for FSTF downcomer 6 is 1,828 lb./in. Using Equations (5) and (6) and the
FSTF dimensions, the rotational FSTF junction stiffness k in the East-West

direction can be determined as

.. .

k
1k =

ew t'l ces a

or

k =k I'1 cos a (7)1 ew

k = (1828 lb/in) (93.35 in) (97.42 in) cos (16.61*)

k = 1.593 x 10 in-lb/ rad

In order to determine the rotational stiffnesses of other Mark I plant down-
cener/ vent header junctions in the East-West direction, the general relation-
ship is used for the rotational stiffness (h ) at a junction

3 . -

TEd~t [7 3/2 _T_ [_D
y

ka .

(3)_

. , 3
(D e, d

.

gj u. e g- ,.
., u . 3. t-.

3-3
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where a indicates proportionality and the other variables ar< defined as
shown in Figure 1.

Since k is known from the calibration tests, it is possible to determine the
proportionality constant (C) of Equation (8) as follows:

2
C x -Ed t - ,3/2 _

D )'

-

7 2 i ik = 1.593 x 10 in-lb/ rad =
1 S D :3 d).

. .

Or

-

_17 3/'
C = (8) (1. 593 x 10 in-lb/ rad) T T D

~

2 D t dnEd t, ,2
.

. .

Using the FSTF dimensions given in Figure 1, and assuming the elastic =cdulus
6E to be 30 x 10 psi, the proportionality constan: (C) is determined to be

13.901. Equation (S) can new be used to determine a generic relationship
for the rotational stiffness (k ) of all dcuncccer/ vent header juncticns in the
East-Uest direction.

. .

3/'-
- D

(_T. - d|

13.901- .2 T,g . - . -

1 S '' " 2 D :,
.

. .

or

.

3/2 _
3

'
3 -

k, = 5.'.6 Ed , ^ 2-- - (3). . D :, d
.,

. .

Referring back to Ecuati:n (7), a similar relationship for :he rotational
stiffness (k,) in the North-Sou:h directi:n could be derived as

D 7 0
k, = k l'1 cos 2

Q U( _}n (9)- US La

D

o JU _ JU _1 $ a SiA4.L|E
3'
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where k is the translational stiffness of the downcouer in the North-Southns
direction and the other terns are as previously defined in Figure 1. Using

Equations (2) and (9) the ratio between the junction stif fness in the East-

West and North-South directions is

.

k k k
_2 ew I'1 cos a ew.

. =
k k I'1 cos a k

1 ns ns

Using Equation (10) and an average translational stif fness k , of 10,527
lb/in determined from push / pull calibration tests conducted by Wyle Laboratories
(Appendix A) on instrumented FSTF devncomer nu=ber 6, as su==arized in Figures
2 and 3.

.. .

2 10,527
5*,e6- = =

k 1,828
1

Therefore, the rotational stif fness (k ) of the tiark I plant downcocer/ vent
header junctions in the North-South direction can be determined by scaling
the stif fness value (k ) determined fren Equation (S) for the East-West
direction as

k = 5.76 k (11)2 y

The push / pull calibration test results on the instrumented FSTF downconer
number 8 are shewn in Figures 4 and 5. The downconer/ vent header juntrien

stiffnesses determined for devncocer number 6 were selected for use in the
load definicion. These were considered representative since downcocer S
junction stiffnesses were of si=ilar magnitude.

. - ~ , .. , e<t
d)(f /w.aN I
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