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One Stacked-Column Vibration Test and Analysis for VHTR Core
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This paper describes experimental results of the vibration test on a
single stacked-column and comparesithem with the analitical results.

A 1/2 scale model of the core element of a very high temperature gas-
cooled reactor ( VHTR ) was set on a shaking table. Sinusoidal waves,
response time history waves, beat wave and step wave of input acceleration
100 - 900 gal in the frequency of 0.5 to 15 Hz were used to vibrate the
table horizontally.

Results are as follows:

(1) The column has a non-linear resonance and exhibits a hysterisis
response with jump points.

(2) The column vibration characteristics is similar to that of the
finite beams connected with non-linear soft spring.

(3) The column resonance frequency decreases with increasing input
acceleration.

(4) The impact force increases with increasing input acceleration and
boundary gap width.

(5) Good correlation in vibration behavior of the stacked-column and

impact force on the boundary between test and analysis was obtained,

KEYWORD: HTGR Core, Core Seismic, Earthquake, VHTR, Seismic Test,
Core Structure, HTGR Fuel, Column Vibration

* Fuji Electric Co., Ltd.




JAERI-M 7727

BB Y XRBRFF.LOL 2 7 4 BEHHBR & BT

BERRFARRER - BHHFRARLLUERREER

#rn B-G®  E-Hm B
B . HAa mmE

(1978458298 %%)

ZEMNBE/AZRFOFLBERTH21 35 cOnBRERA+HAL CEBRBRLE
ML, 254 %iEBEECRMAT, EHE, HBE, - EHLEXT vy 7HICL-
T, APMEET100~900gal, ANAEHRT0.8~15H: OMBATHREEKL
fzo BONARRIROBY TS B,

(1) =7 2 3HFBHUREHEELEL, BBELELZ- AAERRERT,

@ =270 BRBBHERIEILNEREERICL > TEKEIN ALY ERALTD 5,

3) 25 aOkEEEBIIANIMEEOHMICHE > TTHT 5,

@) WMRNDIANMEEL LUX v » 7OMMICRE- THMT 5,

(6) EEHEDLLOMENORBER L BT LB RT 2K % A,

» WIMAREHRA SH




JAERI-M 7727
| CONTENTS

1. INtrodUCEION +eeveeeeeasesnsoasosnssssassssnosnsssancsannsssnsse 1
1.1 General description ....veeececececsoesacssosssnoossansosns 1
1.2 Structure of experimental VHTR .....vovevesscssensnsnoansss 1
2. VIDration LESt veveveeeeensecsecssssoseasssssssosssnassssansssns &
3. TeSt TeSULLS .veeeeveresocnsonassassoscsassssssssssasasnansnsose D
3.1 Coefficient of restitution .ieeeeeeeesceseecnacscescnssness D
3.2 RESONANCE +.veeesssesssressssssssossssasssssssassssassssssss D
3.3 Sinusoidal teSt ..eeececccrcscessarsossssrssccessasssaronoss O
3.4 Random WaAVe LeSt .eevveecsnesoscscrscsnssanascssosassanasas O
3.5 Block failUT@ .ueeevecscececesocsassssssasasssncsasacssssns O
be ANALYSIS tuvveerererrncncoranesesersocsossssacsasosessoassaneanas [
4.1 Analysis MOdel ...cevevvecsceonncsocsssssnnncencnssnsannose [
4.2 Free vibration IeSPONSE ....eceseeessscssassscsosnsasssasee 8
4.3 Sinusoidal WaVe reSPONSE ...escesescoscsscssssscsssasssnsns O
4.4 Graphic representation of vibration behavior .............. 8
5. CONClUSION +vvverveeeenteoeesosocnsasssasssesssassscassssssanees I

REFETENCE v veveoeooesensssonsnesnnsennsosesssessssnsssssasssssaansse 11




JAERI-M 7727

H R
1. # = TSP RSSO UU O USOUPTOS VRO 1
L1 B B e e sttt ettt e sttt st st s e st eneae e 1
L2 FIELE oo ettt et st ae e e esre e nenes 1
20 BBEBIELER e e ettt et b et a et st se e 4
B, BEBRAE S oo e et b e b e et e a s as b e ebete e bt e st ren s asns 5
3.1 JRBEARBL ovvrerriermiene ettt e e et e et et e et sn e 5
3.2 BEIRHEHE e ettt e er e e a e eas et neens 5
3.3 IEFEIHBRER oooovvromerommsererme et bttt s e er e sttt s ettt ne b 5
3.4 T YA APEIRPR oot bbbt bt sa s b e 6
3.5 T E oy ZDEEHR ceeeeereeeeieieii ettt e bbb stttk et bt b benas 6
4. B B ceveermeeremre ettt b et e b et sttt b et ar e e ne 7
4.1 BBFTE T N oo OO TOU PP UPOP TR 7
4.2 BEEHBIEIRED oo et ettt ettt s seaeae s 8
4.3 TEBEBEIGE covevvrereresrsesieinse sttt st ees sttt e et h e ke et et 8
4.4 BEIBEBID 2 5 7 4 9 ZTRIR oo e e 8
5. # B reerereere e et a R ea et a e e b ettt ee s e se b b s ee et et e s ne 9




JAERI-M 7727
1. Introduction

1.1 General description

The VHIR core is capable of high temperatures (max. 1200 ~ 1400 °C)
and is composed of many graphite blocks. It is not known presently
whether such a VHTIR core can withstand possible major earthquakes. When
such a reactor plants are to be installed in areas of high seismicity,
analysis and experiments in earthquake-resistance design are necessary.

For the past five years, Japan Atomic Energy Research Institute

Y .

(JAERI) has been studing the VHTR core behavior during earthquake
(1), (2)

excitation. Simplified models were used to predict the core
behavior, but the non-linear behavior due to block rocking and impact
are an important aspect of the core seismic response. In the present
study, a vibration test has been performed with a single-stacked-column-a
foundamental element of the VHTR core structure.
Purpose was:
(1) to examine core dynamic behavior and response characteristics,
(2) to develope mathematical models and computer programs on the
basis of test results obtained,
(3) to provide preliminary design data of the VHIR core structure
with model scaling law.
' 4
1.2 Structure of Experimental VHTR
Arrangement of experimental VHIR is set as in reactor plant of
Fig.l. Reactor vessel is placed in the central part of building and
fixed to concrete barrder.

The structure of reactor core for experimental VHTR is shown in

Fig.2. Reactor core formed a structure capable of supporting its weight
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through high temperature plenum (core supporting block and core sup-
porting post). Its side is coupled to core barrel with side restraint
structure of the core as shown in the structure of the core in Fig.3
(the reactor core plan). |
(1) Structure of reactor core

The core of experimental VHTR shown in Fig.2 is éomposed of
graphite block (fuel block, movable reflector, fixed reflector), lower
part structure of core, its surrounding core supporting structure, core
side réstraint structure and.brifice bloék for flow adjuéfﬁent}

Horizontal arrangement of core as shown in Fig.3 is éet in 73
columns of fuel block, its neighboring 66 columns of movable reflector,
and 18 columns of fixed refleétor and core restraint structure. Vertical
arrangement shown in Fig.2 is set with seven-layer fuel block and two-
layer movable reflectors with blocks in above and below. Orifice block
for flow control is set on the top of the reflectors, ana graphite block
and thermal barrier forming high temperature plenum are set in lower

section

(2) Graphite block (fuel block)

Fuel block shown in Fig.4 is pin-in-block type with inserted fuel
rod inserted into cooling channel which opens in graphite block of
hexagon pillar shape. One region for fuel replacement, cont:Ll and flow
control is formed from those seven columns of fuel block.

Of the seven columns, surrounding six columns of fuel block is
called as standard type fuel block in which twelve cooling channels
opened. The fuel block in the central column is called control fuel
block in which three cooling channels, two holes for inserting control

rod and one hole for insertion of back up shutdown element (boron) opens.
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This positions of those graphite blocks are decided by three dowel
pins each in the direction of upper and lower and coupled, but are not °
restrained to the horizontal direction because of gap between each column.
Orifice block in the upper top of column is made mutual key coupling in
one region. Furthermore, upper part block in high temperature plenum in

lower part of reactor core is also made mutual key coupling.

(3) Core side restraint mechanism
As shown in the core mechanism drawing of Fig.3, fixed reflector is
directly coupled to core barrel through core restraint mechanism. This
core side restraint mechanism is turnBuckle machinism and 18 pieces are:

fixed to direction of circular and 15 stages are fitted to direction of

height .

(4) Core bottom support mechanism
Core bottom support mechanism consists of a structure in which the
core is set on high temperature plenum block and suppofted by core support
post and further the whole core is supported by diagrid fitted to bottom

of core barrel (See Fig.2).
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2, 'Vibration Test

The‘test has been carried out with a shaking table. Twelve 1/2
scale gréphite blocks and steel orifice block are stacked in a frame,
which is set oﬁ the shaking table shown in Fig.5. Sinusoidal waves,
response waves from earthguakes such as El Centro, Taft and Ibaragi
(Japan), a beat wave and a step wave are used to vibrate the table
horizontally. The range of acceleratio was from 100 to 900 gal in the
frequency range from 0.8 to 15 Hz.

Test apparatus is so constructed to be able to change horizontal
block direction, boundary gap and top block gap and top block weight.
Effects of the change were also examined.

Graphite blocks were of nuclear-grade graphite SMI-24 from Anglo-
Great Lakes Co. (AGL).

Test objectives are summerized in Table‘l and test conditions in

Table 2.
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3. Test Results

3.1 Coefficient of Restitution

The coefficient of restitution was determined by two-block pendulum
collision test and single block rocking test. The coefficient of resti-
tution is about 0.6 in two-block collision, and 0.8 in block rocking

collision.

3.2 Resonance

Fig.6 shows lateral displacement of 9-th block from bottom in the
case of”siﬁusoidal sweep test. The column has a non-linear responsé and
shows a hysterisis with jump points. This characteristic is similar to
that of the finite beams connected with non-linear soft spring.

The resonance frequency is 1.6 to 5 Hz as shown in Fig.7. The
resonance frequency decreases with increase of the input acceleration

level.

3.3 Sinusoidal Test
(1) Effects of input wave frequency and acceleration level on the
inpact force
Fig.8 shows effectvof the input wave frequency on the impact force
of block and boundary. The maximum impact force increases with increase
of frequency and maxima appear a certain frequencies, beyond this fre-
quency the force decreases remarkably. The maximum impact force shifts

to higher frequency with increase of the acceleration.

(2) Effect of gap width on impact force
Fig.9 shows the relation between gap width and impact force. The
impact force increase with increase boundary gap and input acceleration

level.
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(3) Effect of top block gap and weight on vibration behavior
The first deflection mode of the column has a loop around the 9th
block from bottom (shown in Fig.13). The top block gap and weight
influence the column motion. Increase in the top gap pushs the maximum
deflection point of column upward and makes the motion more unstable.

Increase in the top weight has the reverse effect.

(4) The effect of block vibration direction on the resonance frequency

is almost negligible (shown in Figs.6 and 7).

(5) Change in the block vibration direction results in about 20 7%

changes of response displacement and impact force.

3.4 Random Wave Test

Table 3 shows comparatively impact force with various input waves,
i.e. the sinusoidal wave and seismic waves. The maximum responses of
the column for seismic waves are about 40 to 75 % that for the sinusoidal
wave.

The maximum response for the beat wave input is the same as that
for sinusoidal wave.

The step wave is used to estimate a damping factor of the column.

It is obtained as about 30 % of critical damping.

3.5 Block Failure

The blocks was subjected to more than 600 vibration tests during
test period at acceleration up to 900 gal. The graphite blocks received
more than 20000 load cycles of impact. There occurred no failures of

blocks and dowels.



JAERI-M 7727
4, Analysis

4.1 AnalysislModel

In the VHTR core, this group of blocks and columns extends three-
dimensiénally. In the present study, the following simplified model as
shown in Fig.10 for calculation was considered.

(1) Block isvtreated the rigid body.

(2) This calculation system is two-dimensional and each element has
three degrees of freedom, two translational displacements and one rota-
tion at the block.center gravity.

(3) impact phenomenon is treatea with impact spring-damper.

(4) The dowels are deformable and the interface of blocks has friction
force.

The equations of motion for the i-th block of the single column may

be written as:

. U L U L R L o .

mx = FD + FD + FF + FF + FB + FB - Cxx - mX, (1)
. U L

mz = F_ +‘FV - mg , | o (2)

16 Ng*”t*“g*“;*“g*“{;*“v*"v . (3)

For the i-th impact plates, equations of motion are as:

_ b _ L _
mxp = FM FB mpX , (4)
T - % . (5)
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Two computer programs, SONATINA and COLUMN-3 were prepared in JAERI
and Fuji Electric Co. respectively for analysis of the test results.

The present results are by SONATINA.

4.2' Free Vibration Response

To confirm validity the analytical equations and the computer
programs, analytical results are compared with test results for single
block free rocking and single column free vibration.

Fig.1ll compaires between the analytical and test results in free
vibration of the column. Close correlation between analysis and test

was obtained.

4,3 Sinusoidal Wave Response
Fig.12 shows the compares the analytiéal and the test impact forces

of blocks in the sinusoidal wave. Correlation is also good.

4.4 Graphic Representation of Vibration Behavior

The VHTR core is made up about 2000 blocks. It is impossible to
grasp the motion of the whole blocks fro; the computer output. If a
computer-generated movie showing clearly the pattern of block motion is
used, the core seismic behavior can be vividly shown. For the purpose,
a graphic presentation program has been developed.

Fig.1l3 shows an example of column behavior produced from test and

analytical results.
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5. Conclusion

The following were revealed by the vibration test and analysis;

(1) The column has a non-linear resonance and exhibits a hysterisis
response with jump points.

(2) The column vibration characteristic is similar to that of the
finite beams connected with non-linear soft spring.

(3) The column resonances of displacement response occur in the fre-
quency range of 5 to 1.6 Hz at input accelerations 100 ~ 900 gal. The
column resonance frequency decreases with increase of the input accelera-
tion.

(4) The column resonances of impact force occure in the frequency
range 1.7 to 7.5 Hz at input accelerations 150 ~ 750 gal and boundary
gaps 25 ~ 5 mm. The impact force increases with increase of the input
acceleration and boundary gap width.

(5) The first deflection mode of the column has a loop around the 9th
block from bottom.

(6) The top block gap and weight have effects on the column deflection
mode. Increase in the top gap pushs the maximum deflection point of
column upwards and makes the motion more unstable. Increase in the top
weight has the reverse effect.

(7) The effect of block vibration direction on the resonance frequency
is almost negligible, but change in the block direction results in about
20 Z changes of response displacement and impact force.

(8) The column damping factor is about 30 % of critical. It increases
slightly with increasing in the deflection amplitude.

(9) The maximum response of the column for seismic waves are about 40

to 75 Z of that for the sinusoidal input.
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(10) There occured no-failures of blocks and dowels at acceleration
up fo 900 gal with the boundary gap 5 to 25 mm. |

(11) Good correlatién in §ibration behavior of the stacked column and
impact force betﬁeen test and anaiysis was obtained.

Results are summarized in Table 4.
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NOMENCLATURE

Cx: Damping cons;ant of displacement detector
' F : Force

g : Gravity constant

I : Rotation of inertia

M : Moment

m : Mass

x : Lateral displacement

z : Vertical displacement

8 : Rotational degree

Upper subscripts

L : Lower
L : Left
R : Right
’ U : Upper
a Lower subscripts

B : Boundary

D : Dowel

F : Friction

M : Impact plate
V : Vertical

i : i-th element



Others

Velocity

Acceleration

JAERI-M 7727



JAERI-M 7727

Table 1 Test Objectives

Column vibration characteristics

Effects of various parameter on responce

Gaps

Top block weight

Block excitation direction

Design data for block impact force

Column Damping factor

Data for computer program development
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Table 2 Test Condition

Collision test

2-block collision test

Single block rocking test

Column free vibration test

Column forced vibration test

Sinusoidal sweep test 1 - 15 + 1 Hz

Sinusoidal response test

Sinusoidal beat test

Seismic response test

Step response test
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Table 3 Impact forces vs. input waves
Maximum Gap between block Impact force
Wave acceleration and boundary .
(gal) (mm) (kg)
Sinusoidal 3.5 Hz 710
Seismic wave
El- Centro 1940 NS 500 15 267
Taft 1952 EW o222
Ibaragi 1964 NS 400




JAERI-M 7727

Table 4 Results

Coefficient of restitution

2-block collision 0.6

Single block rocking 0.8

Resonance Characteristics

Non-linear soft spring beam

Hysterisis response with jump point

Displacement resonance

Acceleration increase > Resonance frequency decrease

Impact force

Acceleration
Increase + Impact force increase

Gap width

Column lst mode

Loop around 9th (2/3 length) block from bottom




JAERI-M 7727

Table 4 (continue)

Effect of block gap

Gap increase - Impact force increase

Effect of top block gap

Gap increase > Column vibration unstable

Effect of top block weight

Block weight increase > Column vibration stable

Effect of block excitation direction

Resonance freq. Displacement & Acceleration
Block flat ( 0°) Same 1.0
Block edege (90°) Same 20% smaller than above
Seismic wave response
Sinusoidal wave Beat wave Seismic wave
1.0 1.0 0.4 - 0.75
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Table 4 (continue)

Column damping factor

30% of critical damping

Computer program development

SONATINA (JAERI)

COLUMN - 3 (Fuji Electric Co.)

-18—
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Fig. 1

Reactor vessel

Intermediate heat exchanger
Gas-circulator

Auxiliary gas-circulator

Primary helium purification
system room

Auxitiary machinery room
Containment air-conditioner
Overhead crane
Containment

Air lock

Steam generator
Steam drum
Condenser
Helium circulator
Piping room
Overhead crane
Waste liquid tank
Floor drain room

19
20
2
22
2
2
25
2%

7

design)

. Waste gas compressor
Waste gas filter

Storage vessel piping room
Fuel storage

Refueling machine

Fuel transfer cask
Overhead crane

Passage

Cable tray

Section through VHTR building (the first conceptual
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.. Refueling penetration

oW
W Eﬁ .—-- Control rod driving mechanism
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e 5

Flow control device

Core barrel
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l—~"Pressure véssel

Plenym biock
/

Core support port

Thermal insulator block
/Core support plate
/

l—"" Uiagrid plate

Main.‘coolant pipe
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Fig. 2 Reactor vertical view of VHTR
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for one stacked colum
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Input acceleration
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Fig.7a Effect of input wave frequency and acceleration on response displacement
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Fig. 74 Effect of input wave frequency and acceleration on response displacement
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Fig. 71 Column free vibration
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Fig. 12 Impact force profile along column
(Sinusoidal wave 3.5 Hz , 500gal )
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Fig. 13 Comparison between test and anatysis
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of columm vibration behavior

Input wave sinusoidal 3.5 H;, max.)
acceleration 500 gal




