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Abstract

The resistance against carthquakes of a high temperature gas—cooled reactor (HTGR} core with
block-type fuel is not yet fully ascertained. Seismic studies must be made if such a reactor plant is to be
installed in the areas with freq:uent earthquakes.

The experimental and analytical studies for the seismic response of the HTGR core were carried out.
First, the fundamental behavior, such as the softening characteristic of a single stacked column (which is
piled up with blocks) and the hardening characteristic with the block impact were clarified from the
seismic experiments. Second, the displacement and the impact characteristics of the two—dimensional
vertical core and the two—dimensional horizontal core were studied from the seismic experiments. Finaily,

analytical methods and computer programs for the seismic response of HTGR cores were developed.

Keywords : Seismic Test, Seismic Response, Vibration Test, HTGR Core, Block Type Fuel, Aseismic
Design, Impact Response, Seismic Analysis, Nonlinear Vibration, Hardening Characteristic,

Two—dimensional Vertical Model, Two—dimensional Horizontal Model
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Executive Summary

The experimental and analytical studies of seismic response for the block type HTGR core designs
were studiled. First, fundamental dynamic behavior of graphite blocks, such as impact response as well as
the soft spring characteristics of a single stacked column, was clarified. Second, dynamic behavier of two
~dimensional vertical and horizotal cores was investigated for development of analytical methods. Finally,
analytical methods of seismic response for the block type HTGR core designs were developed.

In Chapter 1, preceeding works concerning the HTGR core seismic researches were surveyed and
evaluated from stand points of the HTGR core designs.

in Chapter 2, basic theory of models can be derived from dimensional analysis, that is the
Buckingham # theorem, to obtain scale factors for seismic test models. Furthermore collision tests
between two graphite blocks have been performed to make clear the coefficient of restitution and the
contact duration time in an impact.

In Chapter 3, dyamic characteristics of a single stacked column were examined. The column has a
nonlinear resonance and exhibits a hysterisis response with jump points. These are the column softening
characteristics due to column rocking, interface friction between blocks and loose dowel connections.

In Chapter 4, a seismic ahalysis method for the block column has been developed. The numerical
results were compared with the experimental results for both the free and forced excitation of the single
stacked column. Good agreement was obtained between analytical and experimental results.

In Chapter 5, dvnamic characteristics, such as softening of the single stacked column were examined.
The softening characteristics are caused by the column rocking, the block upper and lower face frictions
and loose dowel counnections. Whirling phenomenon of the column occurs under certain excitation
conditions. The column vibrates at subharmonic frequency under the centain excitation conditions.

In Chapter 6, a simplified analysis model for a HTGR core seismic response is conceived. In the
simplified model, one degree—of—freedom mass with nonlinear column characteristics is used instead of
the single stacked column. Validity of the simplified model was shown. The computer cost of time history
analysis of the HTGR core by the simplified model is significantly lower than by the detaild model.

In Chapter 7, an experimental study has been carried out with a two—dimensional core model which
is a vertical slice along the axis of the HTGR core. At the low excitation frequency, the core oscillates as
a tightly lumped mass between the side reflector boundaries. The core lumping increases with increasing
exitation frequency. At still higher frequency, the core lumping rapidly decreases and subharmonic
vibration occurs. The soft spring support with hard stopping by the reflector side support structure causes
large column displacements, thus affecting the insertion of control rods. The soft spring support slightly
reduces the impact reaction forces but increases dowel forces. The resonant frequency decreases with a
decrease of support stiffness.

In Chapter 8, a seismic analysis method for the block column of the HTGR core has been developed.
The analytical results were compared with experimental data for horizontal forced vibration of a series of
mémy interacting stacked columns. Good agreement was obtained between analytical the experimental.
Using this method, forces in dowel pins and around the holes can be calculated. The dowel pin forces of
the analysis were compared with experimental data. The analytical values were in good agreement with
the exprimental ones.

In Chapter 9, experimental results of a two~dimensional horizontal sliced model of the HTGR core
were presented. The maximum impact forces occur during the flat—to—flat impact between hexagonal fuel
blocks. There is a most favorable stiffness of the side support which reduces the impact reaction forces.

In Chapter 10, a seismic analysis method has been derived for the horizontal two—dimensional core



2 Seismic Study on High Temperature Gas—Cooled Reactor Core JAERI 1322

consisting of the bleck type fuel HTGR. For the purpose of comparison between the analytical and
experimental values, calculations were made. The results of displacements and impact reaction forces due
to input acceleration are in good agreement, showing validity of this analysis method.

In Chapter 11, a comparison of response characteristics of two-dimensional cores has been carried
out in order to obtain seismic response characteristics of a real HTGR core. From the results of the
seismic experiment with the scale model, it is verified the real core response can be predicted with the two
following methods. These are the application of similarity laws to the experimental results and the use of
the computer programs which are verified, on the basis of the model experiments. The response values of
the real HTGR core could be estimated from the experimental and analytical results of the two—
dimensional vertical and horizontal core models.

In Chapter 12, author presented aseismic design considerations of the block type fuet HTGR core on

the basis of previous results.
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1. Introduction

With the oil crisis in the autumn of 1973 as a turning point, the energy problem became intensified
to a worldwide level. Voices were thus raised stating the necessity for development of new sources of
energy, such as atomic energy.

High temperature gas—cooled reactors (HTGR) are expected to achieve high thermal efficiency and
to reduce heat and radiation pollution as compared with the convetional reactors and also have a
possiblility of diversification of energy sources in production system of nuclear thermal energy. Furth-
ermore, the reactors make possible plural energy use in combining enrgy systems.

In the field of HTGRS, two major aspects are being investigated in Japan: research and development
of an experimental high temperature gas—cooled reactor as a process heat source for use in fields such as
steel making and chemical industry, has been promoted by Japan Atomic Energy Research Institute
(JAERI) since 1969 with close cooperation of other domestic organizations; and study on the introducton
of a power generating HTGR with high thermal efficiency by an electric power company.

However, the reactor core is capable of high temperature (abour 800 to 1000°C) and is composed of
many graphite blocks, so that seismic safety will become one of the most important points in construction
of the HTGR in Japan which is known as an earthquake country.

In the electric power generating HTGR designed by General Atomic Co., and the experimental
HTGR being designed by JAERI, the reactor cores consist of hexagonal graphite blocks as shown is Fig.

1.1 and 1.2. These graphite blocks are stacked in several hundred columns. The reactor core is enclosed

Control rod driving mechanism
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Flow control device
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Side fixed reflector black
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(a) Vertical view (b) Fuel blocks

Fig. 1.1 Vertical view of an experimental HTGR
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in a core barrel and the column is restrained horizontally at the top with a keyed orifice block of a
heatresisting alloy. The column bottoms are restrained with dowel pins on the core support blocks as
shown in Fig. 1.3. On the periphery, a fixed reflector is restrained by the core barrel. Blocks in the core
are aligned in the columns by dowel pins. Each column is separated from adjacent columns by small gaps.
The gaps are is initially several millimeters. After residence in the core, however, the block diameter is
reduced in size due to fast neutron irradiation, so that the gaps increase to make as 4~6 mm.

These large gaps together with the large number of columns may result in large cumulative gaps
during a seismic excitation. The cumulative gaps across the core diameter are significant since it may
affect the ability to insert the control and shutdown material into the core. Moreover, because of these
gaps, columns may repeatedly impact against each other during a seismic excitation.

To meet this requirement, the following information is necessary from analyses and/or experiments:

(1) deflections and disarrays which could cause disengagement of dowels and affect con‘rol rod

insertion,

(2) impact forces of blocks, and

(3) shear forces on the dowels.

For this purpose Neylon, Olsn et al. in research groups of General Atomic made extensive studies
from the elucidation of block impact phenomena to column vibration and three-dimensional core
vibration tests including their analyses for developing power generating HTGRs""™® Muto et al. made
block impact tests, two-dimensional vertical core and two-dimensional horizontal core vibration tests and
developed seismic simulation computer programs for introducting HTGRs to Japan®®’ 0% Besler,
Curreri et al. in research groups of Brookheaven National Laboratory made one-dimensional and two—
dimen—siomal vertical core vibration tests and developed seismic simulation computer programs for safety
analysis of the HTGR core under seismic disturbanse® ¥, Dove and Bennett et al. in a research group
of Los Alamos National Laboratory made one—dimensional and two—dimensional vertical core vibration
tests and developed a seismic simulation computer program for the study of scaling laws concerned with
safety analysis of the HTGR core under seismic disturbance ™% Ishizuka et.al. in a research group in
Fuji Electric Co. made block impact tests, single column and two-dimensional horizontal core vibration
tests and developed seismic simulation computer programs for developing the HTGR“™™) Some other
research groups made HTGR core seismic studies”” ™" and these studies are summarized in Table 1.1
and 1.2.

There are many seismic studies of the HTGR core as mentioned above. However, the tools i.e.
computer programs for the seismic design of the Experimental HTGR and the experimental data for the
validation of the programs are very insufficient. And the extensive studies for the design have been
requested.

The author has carried out extensive studies for the elucidation of stacked columns vibration

characieristics of two—dimensional vertical core and two—dimensional horizontal core vibration tests and

172 Scale

1/2 Scale
_72 Excitation
X =il 1
. H . . . .
[ Single column Y- region core Vertical 2-D Horizental 2-D |
] test ‘ test ! corg test core test !
(1976) (1977} (1978~ 1979) {1980~ 1981)

Fig. 1.4 Core seismic test program
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developed seismic simulation methods and computer programs as shown in Fig. 1.4.

Largest possible test blocks within the limitation of the usable shaking tables, scaled to 1/2 by
dimension and to 1/4 by weight of the real fuel block design, have been used in order to obtain the data
with sufficient accuracy,.

The remainder of this report is arranged as follows.

In chapter 1, the seismic study of block—type fuel HTGR cores so far tried are surveyed, and the
seismic research of HTGR core 1s considered.

In chapter 2, similarity laws are introduced for vibration experiments. The collision characteristics
are also examined by collision tests for seismic analysis. The characteristics are the coefficient of
restitution and contact duration.

In chapter 3, the fundamental column characteristics of softening and hardening behavior are
described.

In chapter 4, an analytical method for predicting the behavior of a block type HTGR core under
seismic excitation is discussed.

In chapter 5, the vibration characteristics of a column in three—dimensional space and impact
response characteristics of graphite blocks are discussed. The whirling phenomenon, subharmonic
vibration, and effects of pressure difference between upper and lower core are also discussed.

In chapter 6, a simplified modeling of the seismic response of HTGR core consisting of graphite
biocks is described.

In chapter 7, a seismic ekperiment on a one—half scale two—dimensional vertical model is presented.
The vibration and impact characteristics suck as effects of side support stiffness, effects of gas pressure
simulating spring and also shown the dowel force frequency response are presented.

In chapter 8, an analytical method for multi-column interaction under seismic excitation is pre-
sented. The analytical results are compared with experimental ones. It can be shown that the analytical
method is useful to predict the behavior of the HTGR core to seismic input.

In Chapter 9, a sismic experiment on a one-half scale two—dimensicnal horizontal core is presented.
Vibration and impact characteristics such as effects of side reaction foree response are presented.

In Chapter 10, an analytical method for a two-dimensional horizontal core model under seismic
excitation is presented. The analytical results are compared with experimental ones. It can be shown that
analytical method is useful to predict the behavior of the HTGR core to seismic input.

In Chapter 11, the comparative studies of the two models experiments and analyses, which are the
two—dimensional vertical core model and two—dimensional horizontal core modef, are presented to
estimate a real core response under seismic excitation.

In Chapter 12, the results are summarized and an aseismic design consideration for the HTGR core

structure is given.
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Table 1.1 Experimental studies on HTGR core seismic
Ttems Objectives Obtains Researchers References

1.1 Collision Dynamics Test

<Collision dynamics eStudy collisicn behavier !“Coefficient of Rodkin GA-A 14728

test °Yerify scaling law : restitution : £1978).

(1/5, 1/2, 1/1 scale,) eContact time

2 — 5 elements : °Correlation with ana—

. lytical collision model

«Collision dynamics oStudy collision behavior =Coefficient of Tkushima JAERI-M 7727

rest restiturion L1978} .

(1/5, 1/2, 11 scale,) oContact time

2 elements

sCoefficient of Ishizuka . SMiRT-4, K 7/9(1977}.

<Collision dynamics
test

1/5 scale,

2 elements

(

°Study ¢ollision behavior
sVerify scaling low

restitution
«Contact time

J. FAPIG, 79
[11] (1975).

oCpllisien dynamics

sStudy collision behavior

sCoefficient of

Mute et al.

SMiRT-3, K &/8

test oVerify scaling law " restitution (1975).
(1/5, 1/1 scale, ¢Search 1/5 scale model
2 elements ) block geometry
°Relationship between
impact mode and coeffi-
cient of restitutiom
1.2 Basic Rocking Test
»Basic rocking test o8tudy block rocking behavior|eCorrelation with ana- Nau and GA-A 14087
1/5, 1/1 scale, ! lytical ccllision and Olsen (1578}.
(2 - 4 elements | rocking models.
1.3 1D Horizontal Core Test {horizontal strip diametrically across the core)
+1D horizental core =Study dynamic preperties leEffect of lateral . Muta i SMiRT-3, K B/8
test : Support stiffness I (1975).
1/5 scale, 27) °Lumping H
elements oLateral support loads
“Correlation with ana-
. lytieal collision medel
1D haorizontal core 1OStudy dynamic properties «Effect of lateral Ishizuka SMiRT~4, K 7/9
test ‘ support stiffness (18773,
1/5 scale, 3 ~ 7 i sLateral support leads J. FAPIG, 79
clements ) i «Correlation with T11] (1975).
! computer program
i
21D horizontal core ‘oBcaling laws oScaling laws (length, Dove and LA-5821-M3 (1975)
test time, force, material} Bennett LA-NUREGC-
(6 elements}) i 6377-M5 (1976)
: LA-UR-77-2010 (1977}
=1D horizontal core =T correlate computer Zako Proceeding of
test program JEME, 780-14,
(1/5 scale, 9 {1978).
elements ;
1.4 Single Column Test
- T
«Single column test oStudy core column dynamic "sRocking angles | Fischer CA=A 14664
1/5 seale, ]O) properties sBlock forces (1979},
elements °Study simultaneous hori- *Dowel forces
zontal and vertical eSupport loads
excitation «Correlation with
computer program
1
s5ingle column test aStudy core column dynamic <Column softening and Ikushima [ JAERI-M 7727 (1974).
(1/2 scale, 13) properties hardening character— i J. At. Energy Scc.
elements istics ! Japam, 22-1 (1980).
oRescnance frequency and Nucl. Sci. Tech.
mode shape 16-[8], (L9793},
=Support lcads
sEffect of gap between
ctlumn and boundary
«Correlation with
computer program
aSingle column eStudy core column dynamic oColumn softening charac~| lshizuka SMIRT-4. K §/8
1/3 scale, 11 properties teristics (1977).
(elements ) oEffect of gap between J. FAPLG, 79
columm asd boundary 117 ¢1978).
| sCorrelation with

computer program
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Table 1.1  (Continued)

Items Objectives ‘ Obtains Researchers References
1 i - _
: oSingle columm aStudv core column dynamic aColumn softening charac-| Zake Proceeding of
1/5 scale, 9) properties teristics ! '+ JSME, 780-6,
elements *Effect of top gap - (1878) and
<Effect of top block . 790-5, (1979).

weight
ceCorrelation with
) © computer program

i 1.5 One Repion Core Model Test {7 column)

- : T
sOne-region core model|e5tudy column dypamic Whirling phenomenon Tkushima } Nucl. 3ei. Tech.
test characteristics sColumn scftening and 17 [9] (1980).
(1/2 scale, 13 cle—) sEffect of excitation hardening character— J. MUT Tech.
ments/column direction istics Report, 16-[5:,
‘oEffect of gas pressure eColumn dampiling (1879},
' difference oColumn statistic stiff- Trans. JSML
ness - £F-415(CYy, {1581).
«Correlation with
computer program

1.6 90 Vertical Slice Core Model Test (series of colum diametrically across the core)

|

} 22D vertical core oStudy core dymamic charac— eoLateral support loads Muto ‘ SMiRI-4, K 7/8

| model test teristics .eVibration mode 1 J. At. Energy
1/5 scale, 25 ‘eEffect of lateral support "oLumping . Scc. Japan, 19

{columns with ) stiffness ceCorrelation with [123, (1977}).
lateral columns computer program

02D vertical core °Study core dynamic charac— sVibration mode Tkushima . . Mucl. Sci. Tech.
model test teristics sLateral support loads 18[77, (1981).

1/2 scale, 12 oEffect of lateral support sDowel pin and socket JAERT 1282 (1983).
{columns with bl stiffness forces

lateral columng cEffect of top gap width eCorrelation with

computer program

| _

'
1

+2D vertlcal core «Study core dynamic charac- s¥ibration mede Bezler Proceeding of

model test teristics «Correlation with 2nd Japan-US

1/5 scale, 7 columns, |°Study simultaneocus hori- computer program HIGR Safety

(with lateral columns zontal and vertical Meeting (1977},
! exciation i

2D vertical core 1o5tudy core dynamic charac— sVibration mode . Zako ! Proceeding of

model test " teristics oCorrelation with . JSME, 800-3

1/5 scale, 3 columns, “Effect of lateral support computer program i (1980), and

(wirh lateral columns)

i stiffness | 800-12 (1980).

1.7 2D Horizontal Core Mode Test

|
1 02D horizontal core oStudy core dynamic charac- eln-core velocities and Petersen CA-A 14087 (1978).
i model test teristics : forces
1 1/5 scale, 73, oLffect of excitaticn axis *Boundary displacements, Waldman GA-A 14548 (1978).
elements ) °Study simultaneous two-axis velocitles and forces
excitation eCorrelation with

computer program

! 20 horizental core oStudy core dynamic charac- sBoundary force distri- Muto SMiRT-5, K 12/2,
i model test teristics bution X (1979).
1/5 scale, 577- | «Correlation with
elements ) computer program ,
«2D herizomtal core oStudy core dynamic charac— sIn-core displacements lshizuka © SMiRT-4, K 7/9,
model test teristics and velocities (1977}).
1/5 sgcale, 61 J. FAPLG, 78
(elements ) [1t], (1975).
27D horizontal core o§tudy core dynamic charac- oIn-core displacements Ikushima Trans. JGME,
model test teristics and forces 51-464(C}, (1985},
1/2 scale, 139 sBffect of excitation axis sBoundary displacements Bulltin JSME,
{ K . _ z
elements °Study simultaneous two and forces 26-246(C), (1985).
axis excitation oCorrelation with JAERI M 28-085
ieEffect of lateral support computer program (1988).
stiffness l
1.8 0 Cere Model Test
23D core model test ‘oStudy core dynamic charac- !oIn—care velocities and 0lsen GA-A 14546 (1978).
uniaxial, /5 scale, | teristics forces GA-A 14812 (1979;.
(Eu‘l.l array } cEffect of excitation axis ‘°Boundary displacements SMiRT-4, B F/7 (l977).
<Effect of lateral suppert and velocities 1 - (1977).
stiffness +Bupport force
oEffect of seismic wave sCorrelation with

properties ; computer programs
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Table 1.1 (Continued)
Ttems Objectives Obtains } Regearchers References
. _
=3D core model test +5tudy core dynamic charac- aV¥ibration character- Buland CEA-CONF 3226
(uniaxial, 1/4 scale) teristics istics L(1975).
83 columns ‘eBoundary forces 1 | SMiRT-3, K 8/9
. eCorrelation with | {1975).
computer programs !
¢3D core model test oStudy core dynamic charac- {eVibratiom character— | Curreri SMiRT-5, K 12/
teristics istics i (1979},
1.9 Dowel Force Test
oDowel force test sMagnirude and direction of «Nowel force Rakowski GA-A 14088 (1979).
(1/5 scale, full) dowel and socket forces «In-core forces
array »Edge and corner lovad Chiang GA-A 13861 (1976).
oCorrelation with
computer programs
1.10 Block Impact Test
*Block impact test °Study fatigue strength °hlock fatigue strength Olsen CA-4 13920 (1930).
eContact <Wave propergation Tzung SMIRT-4, X 1/5

sContact phencmena

=Contact time

sRebound velocity
°Correlation with
analytical method

(1977).
GA-A 14339 (1977).

Table 1.2 Computer programs and analytical studies on HTGR core seismic

‘Researuhers‘

Items Models ! Calculates ! References
— (. e —
Z.1 1D Horizontal Model (horizental strip diametrically across the core)
s CRUNCH-1D *Spring dashpot model ~eln—core horizomtal Rickard i GA-A 14120 (1877).
oImpact-momentum model (flat-to-flat) impact
cEffective core column restraints , forces
and core support floor are in- leLateral support
cluded. I force
_____ r JETS [,
«PRELUDE =Spring dashpot medel leHorizontel impact Ikushima JAERI-M 5560 (1974).
«Effective cotre column restraints g forces SMiRT-3, K B/7
and core support floor are in— |°Lateral suppert (19753).
cluded. : forces
,2Effect of gap
sCOLLAK-1 sImpact-momentum model eLateral support Muto SMiRT-3, K 8/8
! Forces (1975},
°Core lumping
sVIBRA =Spring dashpot model sHorizontal impact Ishizuka SMIRT-4, K 7/9
oTmpact-momentum model forces (1977).
<Effects of core column restraints sLateral support J. Fuji Gihe
and cove support floor are in- forces ! 48 [8], (1975}.
cluded.
=05CIL cSpring dashpot model sHorizontal impact Bezler BNL-21023 (1976).
«Fffects af core column restraints forces Curreri SMiRT-4, K 7/2(1977).
and core support floor are in- °Lateral support Reich SMiRT-4, K 7/4(1977)
cluded. forces SMiRT-4, K 7/3(1977).
sSybbarmonic resonance SMiRT-4, K 8/9(1977}.
=FYSMOD =Spring dashpot meodel sHorizontal impact Merson and LA-NUREC-

oEffects of ¢ore column restraints forces Bennett 6473-¥8 (1976},
and core suppert floor are in- sLateral support
cluded. forces
2.2 Single Column {2D vertical model}
2COCO I «Entire core column, core support sResponse to simul- Lee Wucl. Eng.

! block and post taneous horizontal Design 32, (1975).
oSpring dashpot model and vertical inputs SMiRT-3, K 8/5
»Three-degree-of-freedom (horizontal |=Block impact forces {1975).
and vertical displacements and oBoundary impact Rickard GA~-A 14600 (1978).
rotation) forces

sDowel forces
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Table 1.2  (Continued)
Items h Models Calculates ! Regearchers References
| N . —
|
°Core column and Jateral blocks "sResponse Lo simul- Tkushima Nucl. Eng. Design,

eSONATINA-1
are included.
: +Spring dashpot medel
°Thrae-degree—-of~freedom (horizontal
and vertical displacements and
rotation)

tanepus horizontal
and vertical inputs
°Block impact forces
sBoundary impact
forces

*Dowel farces

55 (1979).

JAERT-M 9165 (1980).

Ighizuka and

SMiRT-4, K 7/9

COLUMN-3 sCore column and lateral blocks sResponse to hori-
are included. zontal input . Hayakawa (1977,
oSpring deshpot model °Block impact forces 1 J. FAPIG, 91
°Three~degree-of-freedom {horizontal !eBoundary impact [3], (1979).
and vertical displacements and | forces
rotation) loDowel forces
s1Hl-cade =Same as above oSame as above Zako Proceeding of
J5ME, 800-12,
(1980}.
2MHI-code <Same as above *Same as above Honma ' J. MHI Tech.
Repert, 16
[57, (1979).
2.3 Single Column (3D model)
>COLLAN-3 oImpact-momentum model sResponse to simul- Mute and ! Proceeding of
sFive-degree-of-freedom taneous two hori- Takase J8ME, 800-9,
zontal and one (1980},
vertical iaputs X Proceeding of
oThree-dimensional | 2nd Japan-US
block movemernt ! HTGR Safety
Meeting (1977).
2.4 2D Vertical Slice Core Model (series of columms diametrically across the core)
SMCOCO ¢lncluding core support block and sResponse to simul- | Tompson GA-A 14764 (1978).
posSts. taneous horizontal . Shatoff GA-A 15370 (1979).
sSpring dashpot model and vertical inputs Lee SMiRT-3, K &/5
oIn-core impact forces (1975).
aDowel forces
<Core support bleck
H forces
sHorizontal and verti-
| cal support forces
s SONATINA-2V *Core column and lateral blocks sResponse to simul- Tkushima Trans. JSME,
are included. ' taneous hotrizontal 48-4726(CYy, (1982).
«Spring dashpot model and vertical Inputs Bulletin JSME,
oIn-core impa¢t forces 25-208, (1982).
«Dowel forces JAERL 1279 (1982).
¢«Lateral support
} forces
. |
= COLLAN-2V ! sCore column and lateral blocks sResponse to simul- Muto SMiRT-4, K 7/8
are included. ! taneous horizontal (1977).
sImpact momentum model I and vertical inputs
I sLateral support
forces
cCOLPLANE «Core column and lateral blocks *Response to simul- Ishizuka 1 J. FAPLG, 74
are included taneous herizontal [1Ll}, (1975},
°Spring dashpoet medel | and vertical inputs J. FAPTG, 91
sIn-core impact forces [3], {1879).
eDowel forces
! sLateral support
! forces
+IHL-code oSame as above «Same as above Zako Troceeding eof
JSME, B00-12
(13803 .
sQSCVERT +5pring dashpot model oIn-core impact forces !Lasker SMiIRT-4, K 7/1
«Dowel forces (1977).
2.5 20 Horizontal One Layer Core Model
=CRUNGH-2D i +Spring dashpot model oResponse teo simul- ' Tow GA-A 14763 (1978).

oEffects of core column restraints
and core support floor are in-
cluded.

taneous two axis
horizontal inputs
eIn-core horizontal
(flat-to-flat) impact
forces
sRadial and tangential
spring pack support
fcrces
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Table 1.2  (Continued)
Items Models I Calculates Researchers l References
—_— L
o SONATINA-2E oSpring dashpot model <Regpeonse to simul- Tkushima 1 .. Nuc®. Sci. Tech.
oEffects of core column restraints taneous two axis i (Zo ke publiished
and core support floor are in- horfizontal inputs
cluded. sIn—core herizental
impact farces IRERD W 89-
sLateral support ¢ {to be published].
forces
°COLLAN-2H elmpact momentum model *Response simuitaneous | Muto ! SMiRT-5, K 12/2
two axis horizontal ! Y1979y,
inputs i H
sLateral support
forces
°PUCK »Spring dashpot model i °In-cotre horizontal Ishizuka SMiRT-4, K 7/9
. impact forces (15977).
eIn—core displacements J. FAPIG, 79
[it}, (1975).
2.6 Control Rod Analysis
sResponse to simul- Lee GA-A 14351 (1977).

<COCOROD

“Iynamic interaction between a
control rod and a core column
°Rod insertiom

«$pring dashpor model

taneous horizontal
and vertican inputs
=Control rod impact
loads

°Control rod shock
absorber loads

SMIRT-4, K 7/6
(19773 .
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Nomenclature of Chapter 4 and Chapter 8

a : block rocking spring half width
b : block geometric half width
: damping coefficient
c’ : damping coefficient associated with ¢
c“ : damping coefficient of displacement detector
c? : damping coefficient associated with /5
™ . damping coefficient of reflector restraint structure
c’ : damping coefficient associated with 7
d . distance of dowel from block center line
FBL . horizontal impact force acting at bottom of left side
FB® . horizontal impact force acting at bottom of right side
FPL . dowel force acting at left dowel
FP% . dowel force acting at right dowel
F© . friction force acting at horizontal interface between blocks
F¥ . reflector restraint force
FY- . horizontal impact force acting at upper—middle of left side
FY® . horizontal impact force acting at upper—middle of right side
F¥ . horizontal impact force acting at lower-middle of left side
FM . horizontal impact force acting at lower-middle of right side
F9 . restraint force between top orifice blocks
F® . friction force acting at horizontal interface between reflectors
F’ . vertical gas pressure force acting at block center
F™ : horizontal impact force at top of left side
F™ . horizontal impact force at top of right side
F"" . vertical impact force acting at left corner
F"™ . vertical impact force acting at right corner
Avy  : prescribed function for friction characteristics
g : gravity constant
h : block half height
I : block mass moment of inertia
K* . spring constant associated with &
K? : spring constant associated with 8
K™ . spring constant of reflector restraint structure
K" : spring constant associated with 7
m : mass of block
1, . mass of core support plate
n . total number of blocks in column
u . horizontal block displacement at center gravity
Uy : boundary displacement
Ug . core suppor plate displacement
v . velocity
W . vertical block displacement at center gravity

wo : boundary vertical displacement
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wh . vertical force due to block weight and pressure difference acting at lower part of block

w? . vertical force due to block welght and pressure difference acting at upper part of block

B8 . dowel spring deformation

T . spring deformation of a spring—dashpot unit at interface between blocks (vertical direction)
a . initial gap between blocks

a9, : gap on left side of dowel

Og : gap on right side of dowel

£ : spring deformation of a spring-dashpot unit at interface between blocks (horizontal direction)
2 : block rotation angle

My . coefficient of dynamic friction

iy . coefficient of static friction

w . relative velocity between dowel pin and hole

( ‘ 1( ' .) . dots denotes time dertvatives of { )

Nomenclature of Chapter 10

C : damping coefficient l

¢ . x-component of restoring damping coefficient of n—th fuel block

¢S’ . y—component of restoring damping coefficient of n—th fuel block

C% . x—component of support damping coefficient of n—th side reflector block

C,? ¥ . y-component of support damping coefficient of n—th side reflector block

ck . damping coefficient associated with velocity of n-th block

F : force

beX . x-component of reaction force acting on core support block by fuel block and side reflector
block

FE" . y-component of reaction force acting on core support block by fuel block and side reflector
block

F . x—component of restoring force of n—th side reflector block

FSY . y—component of restoring force of n-th side reflector block

EP : damping force

FbGX . x—component of reaction force acting on core support block by restraint structure

FbGY . y—component of reaction force acting on core support block by restraint structure

FS% . x—component of support force of n-th side reflector block

FY : y-component of support force of n-th side reflector block

FX* . x—component of key reaction force of n—th side reflector block

F,ffy . y-component of key reaction force of n—th side reflector block

F5Y : x—component of impact force caused by surface (3 of corner (U of n-th block

F,,f,?jy . y-component of impact force caused by surface (D of corner (D of n—th block

F; : impact spring force

F3X . x—component of impact force caused by impact between i—th block and i-th surface of n—th
block

F3 . y—component of impact force caused by impact between i—th block and i—th surface of n—th
block

I . mass moment of intertia of n—th block

K : spring constant
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: x-component of restoring spring constant of n—th fuel block

: y—component of restoring spring constant of n—th fuel block

: x—component of support spring constant of n—th side reflector block
: y—component of support spring constant of n—th side reflector block
: spring constant associated with &,

: moment

: moment generated by forces F.* and F"

. moment generated by forces F7¥ and £S5

: moment generated by forces Fo' and #57

. moment generated by forces F,;' and F,ﬁjy

nij

. moment generated by forces F> and F."

: mass of core support block

: mass of n—th block )

: number of possible impact corners of n—th side reflector block

: mumber of fuel blocks arcund n—th side reflector block

: number of side reflector blocks around n—th side reflector block

. relative velocity between impacting blocks

(Vixs Vi) : x—and y-—component of velocity of i-th block

(Vknxs Vi) @ X-and y-component of velocity of n—th block

Xkin

Kinn

npn

Moo

pno

R R VARV,
k=]

Yipi
¥ ion

. x coordinate or xdirection displacement

. x—direction displacement of core support block

: x—direction displacement of i—th block

: x—direction displacement of n—th block

: initial x coordinate of i—th block

: initial x coordinate of n—th block

: x ceordinate of point P of n—th block

: % coordinate of point P of i—th block (coordinate origin is at i-th block’s center of gravity)

: % coordinate of point P of i~th block (coordinate origin is at n—th block’s center of gravity)

. x coordinate of corner of i~th reflector block keyway (coordinate origin is at n—th reflector

block’s center of gravity)

: x coordinate of corner of i—th reflector block keyway (coordinate origin is at n—th reflector

block’s center of gravity)

. x coordinate of corner of n—th reflector block keyway (coordinate origin is at n—th reflector

block’s center of gravity)

. x coordinate of point P of n—th block (coordinate origin is at n—th block’s center of gravity)
. x coordinate of point P of n—th block (coordinate origin is at n—th block’s center of gravity)
: x-component of velocity

: x—component of acceleration

. x—component of input acceleration

: y coordinate or y—direction displacement

. y—direction displacement of core support block

. y—direction displacement of i—th block

. y—direction displacement of n—th block

: initial y coordinate of i—th block

: initial y coordinate of n-th block

: y coordinate of point P of n—th block

. y coordinate of point P of i-th block (coordinate origin is at i-th block’s center of gravity)
. y coordinate of point P of i-th block (coordinate origin is at n—th block’s center of gravity)
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Vi

Yiin

D7 O
R

7]

o
ki

%

=)

=

=

R @ @ o O

: y coordinate of corner of i-th reflector block keyway (coordinate origin is at i-th reflector

block’s center of gravity)

: y coordinate of corner of i-th reflector block keyway (coordinate origin is at n—th reflector

block’s center of gravity)

. y coordinate of corner of n—th reflector block keyway (coordinate origin is at n—th reflector

block’s center of gravity)

.y coordinate of point P of n—th block (coordinate origin is at n—th block’s center of gravity)
.y coordinate of point P of n—th block (coordinate origin is at n—th block’s center of gravity)
: y-component of velocity

: y—component of acceleration

: y—compenent of input acceleration

: gap width between blocks

. gap width between key and keyway

+ x—direction gap width between key and keyway

: y—direction gap width between key and keyway

: spring deformation of spring dashpot unit acting between blocks

: rotation of n—th block

: angular velocity of n—th block

: angular acceleration of n—th block

: {friction factor
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2. Similarity Laws and Collision Test

2.1 Similarity laws

The basic theory models can be derived from dimensional analysis known as the Buckingham 7
theorem. Physical variables can be arranged in dimensionless groups so that the equation of describing

system is
p(m, 7%, .. )=0, 2.1

Since these 7 terms are independent, solving this equation for the 7 factor which contains the variable of

primary importance in the particular problem yields
m=8(m Ty .. ). (2.2)
Since Eq. (2.2) is a general relationship, it will apply to both prototype and model
T, =0T s - - ) (2.3a)
Ty =0 (i Tymoe - - ) s (2.3b)
where suffixes p and m mean prototype and model respectively. If the model is designed and tested so that

732171:3-2;5 ’

m;HS ?
Tom™ s (2.4)

then the functions are equal
O(Tops Tapre - - )= O(Wyy Ty - - ) - (2.5)
Thus

Ty =Ty - (2.6)

Equations (2.4) are called the design conditions which specify the design and method of testing of the
model. Equation (2.6) is called the prediction equation and prototype behavior can be determined in terms
of the model behavior.

Applying similitude to the HTGR core behavior, the quantities involved in mechanics have form of
those given in Table 2.1. Since there are in fourteen terms and they can all be expressed dimensionally in
terms of three basic dimensions of Length, L; Mass, M, Time, T} eleven dimensionless groups will be

required from the Buckingham 7 theorem.
=7y, T, Ty - 1) 2.7)
This dimensionless term: must have the form
Pregte AP e EE e FFo[Tetiey? g KXo COr 070 &f
=L AL M) LD MT A ELLsr ST LT LT LT

* [MT )5 MT "L\ MT™)?

f+6+24 p—E—F+ditv-a—-a o+ E| F-K+C+o —2E—2f+1 v—20—2K-C 20-|

=[L « M - T 1. (2.8)
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Table 2.1 Dimension of mechanical quantities

Dimensional form

Quantity Variable
(Absolute system)

Length 2 L
Displacement le) L
Area A i’
Density Fol L M
Young’ s modulus E L M T
Force F L M i
Moment of inertia I It
Time t T
Velocity v L !
Acceleration & L T
Spring constant K M T2
Damping coefficient C M 7!
Stress o L M T*
Cofficient of restitution e

L : lenth
M : mass
T : time

Dimensionless

For this term to be dimensionless, the following conditions must be satisfied

f+6+24—30—E+ F+4I+v+a—o=0,

o+ E+F+K+C+o=0,
—9E—2F+1—v—2a—2K—C—20=0.

Now, dimensionless 7 factors, 7,~m, are derived from solving Eq. (2.9).

Rearrage Eq. (2.9)

{—E—-3p—=—8-2A—F—4I—v—ua+to,
E+p=—F-K—C—0,
—2E=2F—t—v+2a+2K+C+20.

Assuming § is untity and other terms are zero on the right side of Eqg. (2.10), we obtain

i=—1, E=0,p=0,

the 7z, term becomes

e
Ty=—

4

Similarly, the z,~m,; terms become

2
_vpo
R—ZiiE- 3
_alp
3T E
o
s _E .
c?
g €4E,() »
A
A=
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_ 1

e
. F

S
_'E

Ty 72 p_ ;

_ K
‘ 0= LE
T =e

The original variables can be grouped in any way desired so that the 7 terms are dimensionless and

independent.
We obtain similarity laws from eqgs. (2.4}, (2.6) and (2.11) (see Table 2.2) .
O &, 6, £,
7, ‘ or 5. #—P—gm =4 ; length scale
2 2
P Vp0p Ve [ By On veloci
== = s — ; ty scale (2.12}
E., E, V., E, p,
a,,t a,f E
Ammlm _ Cp=plp or E‘L:,i . Lo Lo ; acceleration scale
E, E, a, + E, 0,
a g g E
_m " [l S——— .
i E, E or o, E, : stress scale
i 2 2 f
| C G, C, .,/ E p .
or 2=} [ - ; damping scale
0B, 0, EiEg,  Cn "V E. o,
A A A
m o Tp T2 .
ﬁn E; or A A : area scale
i I I .
TQ-’%:E‘Q— or 7&:?.4 ; moment of inertia scale
’; . F " - . (2.13)
mo__ TP il R S B .
E0] E¢ ,,2 or 7 E, ; force scale
2 2
o E t, E £ E )
n—— PP or —E=4 [ En | Om ; time scale
220, Lo, b TV E 0
K K K E
_om TP [l BN S - . 1
| 0.E, LE, or K. A . ; stiffness scale
—:‘1:1 ; restitution scale

From the results of a seismic experiment with a scale model, response values in the real core can be
predicted in the two ways as shown in Fig. 2.1. One is application of similarity laws to the experimental

results, while another is the use of a computer program, which is verified on the basis of the model

_experiment. Similarity laws are necessary in the former case.

2.2 Collision test

For the seismic simulation analysis of column behavior including impacts, it is necessary to make
clear the coefficient of restitution and contact duration in an impact. Collision tests between two
hexagonal blocks have been performed. The test objectives were as follows:

(1) determine relationshhp of the coefficient of restitution to block impact velocity, and

(2) provide data in terms of the contact duration as function of block impact velocity.
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To apply for

aimilarity laws

Model core To predict the
seismic real core
experiment response
To verify the To compute the
computer real cocre
program response
Fig. 2.1 Flow sheet for prediction methed of real core response {rom model core

seismic experiment

The objectives were achieved through pendulum collision tests. Ali collisions were flat-on collisions.
The pendulum tests consisted of the impact of one block moving toward another stationary block. The
velocites just prior to impact ranged from 10 to 200 cm/s. These are expected values of the fuel block
impact velocity for HIGR core seismic design condition.

The pendulum test rig is shown in Fig. 2.2. Since the support of the graphite block was made of wire,
its weight and rotary inertia were small compared with that of the graphite blocks. Bearings were used at
the pivot points. Friction loss was negligible.

The eddy current displacement detector was used. This signal was used to get impact and rebound

velocities of blocks. The coefficient of resitution is calculated from the ratio of post and pre-impact

velocities.
X —X;
p= L (2.14)
X0 %o
e . the coefficient of restitution
A
’soo Arm
Frame
Angular /'
displacement 4 .
visual )
indicator Release solenoid
g iy Graphite block
/o \
}VE. ; L
. N N
:1= :
| displacement detector}

Fig. 2.2 Graphite block pendulum collision test rig
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: mass i velocity before impact
: mass ] velocity before impact
: mass i velocity after impact

: mass | velocity after impact

The coefficient of restitutions as function of impact velocity for the two blocks collision tests are

shown in Fig. 2.3. In the figure, data for both cases of graphite blocks and attached mass (lead cylinder)

blocks are shown. With the linear least square line characterizing the data points, with the exception of a

few points moderately scattered, the coefficient of restitution slightly decreases with impact velocity, The

values of the coefficient of restitution for the attached mass block are lower than for the graphite block

alone. The reason is that damping between for graphite block and lead cylinder could have contributed to

an energy loss, This loss was incorperated into the estimate of the coefficient of restitution.

The contact duration was measured from wave form of impact accelration of the pendulum collision

test. The contact time as function of impact velocity are shown in Fig. 2.4. In the figure, data for both

Coefficient of restitution

T 1 1
—o— Graphite block
——x—— Graphite bilock with attached mass

Fig. 2.3

| 1
50 100 180 200
Impact velocity cm/s

Coefficient of restitution vs. impact velocity for one-half scale hexa-

gonal block.

Contact time
o O )
2

T

o
n
T

—o— Graphite block
—*- Graphite block with attached mass

[ .

Fig. 2.4

50 100 150 200
Impact velocity cm/s

Contact time vs. impact velocity for one-half scale hexagonal block.
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2. Similarity Laws and Collision Test

Table 2.2 Scaling factor of the model

21

Scaling factor under

Physical quantit Dimension Scaling laws E
¥ : ¥ g Ly Oy _ l} 2—2
E, Om 2
Length b4 (m} {=7L, £,=24,
Displacement x (m) X=A%, x,=2x,,
Velocit / ~ /L, Om =2
city v (m/s) vpﬂ\/ E, 0, V.. v,=v1v,
. 1 E o
A 2 == ., =z ., HUm =
ceeleration a (m/s") 3 E, 0, ™ X, =y,
St kN/m? -5 =
TESS g ( m”) 0= E, Oy 0,=0y,
Damping C (kN -s/m) =7 f B8 C, C.=2y2C
TN E, o, , "
F F kN -t i g F,=A4F,
orce (kN) A E, = =4F,
R
- = [ En | Pm =
Time t (s) Ty v E, o, - A V2,
Stiff K k K,=4 £ =
tiffness (kN/m) =g K., K,=21K,
Coefficient of restitution € (—) €,=¢ €,= €,
. I N _ 1
Fregxency f (1/5) =3 J E, o, S S ﬂfm
Mass m (kg) mp—ﬁg&mm m,=4m,,

suffix m : model

P prototype
A : scale factor

cases of graphite blocks and attached mass blocks are shown. Both test data shows a decreasing trend with

increasing values of impact velocity. The values of the contact duration for the attached mass block are

lower than for the graphit block alone. The reason is that stiffness of the attached mass block is higher

than that of the graphite block.

2.3 Concluding remarks

(1) The similarity laws in which the acceleration of gravity on rocking vibration is indentical were

derived.

(2) The coefficient of restitution is about 0.6 and the contact duration is about 0.7 milli-—seconds.

Both values slightly decrease with impact velocities.
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3. Two—dimensionai Column Response Characteristics

3.1 Introduction

Nonlinear vibration behavior due to block rocking and impact is a important aspect of the block-type

fuel HTGR core. To reveal the effects of block rocking and impact on the column vibration character-
istics, vibration tests have been performed with a single stacked column which is a fundamental element
of the HTGR core structure.

The test objectives were as follows :

(1) to examine column dynamic behavior and impact response characteristics,
(2) to develop mathematical models and computer programs on the basis of test results obtained, and

(3) to provide preliminary design data for HTGR core structures by using the model scaling laws.
3.2 Experimental apparatus and method

3.2.1 Experimental apparatus

As shown in Photo. 3.1, a single stacked column was used. The column consisted of twelve hexagonal
graphite blocks and one steel block all of the same shape, totalling thirteen layered blocks. The column was
set to a support frame and stood by itself slightly apart from two side impact plates. The width of the gaps

between the column and the side impact plates were changed by means of support bolts of the impact

plates. In this way, dependences of motion of the column and their impact characteristics, on the gap

-~ Top bIOCK

impact plafe

Graphite block

Shoking table

A
Bowow ey

Ty

Photo. 3.1 External appearance of one stacked column model
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I9 - holes {diometer 22¢)

3-dowel pins
{ digmeter 265¥%)

] ) Graphite block
Excitation
X Y 3-dowel holes

(diameter 27%)

{ Dimension in mm)

Fig. 3.1 Block  direction
against excitation Fig. 3.2 Graphite fuel block

width, were examined. As indicated in Fig. 3.1, excitations (shaking) of the column were in two
alternative directions, at right angles to each other. The vibration charactenstics of the column, depending
on excitation direction, were thus examined. Two different impact plates were provided for the above
purpose, i. e. flat type and V-shaped groove type. The support frame was a steel box type, having
sufficient rigidity (primary natural frequency 18 Hz) . The frame within the column was fixed on a
shaking table.

The graphite fuel blocks, as shown in Fig. 3.2, were hexagonal prisms, 150mm in width between sides
and 285 mm in length. Material was a nuclear—grade graphite. In each block, there were three dowels on
the top and three dowel holes on the bottom, for longitudinal connection of respective blocks. Therefore,
in the column, horizontal displacement between layered block is restrained, but block rocking in vertical
plane is permitted. This arrangement is also similar in a bottm block. The graphite blocks were dimension
scaled by 1/2 and weight scaled by 1/8 of the real fuel blocks of the experimental HTGR.

Measurements were made of displacements between the blocks and the support frame, and horizontal

and vertical impact accelerations between blocks. The displacement detectors used were differential

Impact plater

—.Impact force

Acceleration - getacfor

detector
Graphite 9
biock

...... R "~ Displacement
detector

Photo. 3.2 Instrumentation
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transformer and sliding resistance types. To measure the impact reaction forces, strain gauges were set on
the support bolts of the impact plate. The impact accelerometer used was piezoelectric type. In order to
record the excitation condions. strain gauge type accelerometers were set on the support frame and the
shaking table. A detailed view of the instruments is shown in Photeo. 3.2

3.2.2 Experimental method

Uni—axial horizontal excitation tests were made on the single stacked column on the shaking table.
Excitation conditions were ranging in frequency from 0.8 to 15Hz, acceleration from 100 to 900 Gal,
constant excitation amplitude from 1.5 to 25 mm, gaps between column and impact plates 3, 15, 25, and
100 mm except the top block, and two alternative excitation directions. Sinusoidal waves, response waves
from earthquakes such as the E1 Centrol 1940 NS, Taft 1950 EW and Ibaragi (Japan) 1964 EW and beat
waves were used to vibrate the shaking table horizontally. According to the similarity laws, the time scale
was reduced by 1/y2. ,

The effects of varying gap width, excitation frequency and acceleration, and excitation direction were

then examined on column motion and impact characteristics.
3.3 Results and discussions

3.3.1 Vibration characteristics

(1) Displacement characteristics

The column displacement characteristics are shown in Fig. 3.3 at constant excitation amplitudes.
With an increase of the excitation amplitude, the frequency for rapid rise of displacements, 1. e. the jump
—up frequency shifts to a lower frequency. These are the nonlinear spring characteristics due to block
rocking and frictional force, i. e. tke column soft spring characteristics.

(2) Comparison between frequency sweep—up and sweep-down

Figure 3.4 shows the displacement characteristics for increasing i. e. sweep—up and decreasing i. e.
sweep-down of excitation frequency at a constant input acceleration. The jump-up frequency for rapid
rise of displacement is higher in sweep—up than in sweep-~down. As shown in Fig. 3.4, thereis a hysteresis
with a leap at low input frequency due to the column softening characteristics.

(3) Effect of excitation direction

The displacement is slightly higer for a ¥ than for an X excitation directions.

40 1 1 T 3 I T 1 T T | T 1 T T
i Input wave | |
Mark | amplitude
30F v {5mm |7
a 10
E B o 5 i
4 3
= x 1.5
é 2of |7 2% -
]
o i ]
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I \} x/x—x\x-——x R
O 1 PR S T S S T N T N N
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Fig. 3.3 Displacement characteristics
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Table 3.1 Column damping factor

|
Damping factor
Excitation Top block | {percent of critical damping)
direction gap{mm) Max. displacement of step wave input {mm)
: 15 30 60
X 0 ; 30 27 34
X 10 - — 36
Y 0 X 29 29 37

(4) Effect of top gap width
The jump—up frequency of the column displacements shifts to a lower frequency with a large gap of

the top block compared with having a small gap. An increase in the top gap pushes the maximum
displacement point of the column upward and causes subharmonic vibration.

(5) Damping factor of column
Step waves were used to estimate the damping factor of the column. Table 3.1 shows the damping

factor of the column. It is seen that the damping factor increases with increasing displacement.

3.3.2 Impact characteristics

(1) Effect of input acceleration level
In Fig. 3.5 the impact forces as function of input acceleration levels are shown. It is seen that

increasing the input acceleration level causes the resonant frequency to shift to an higher frequency, the
impcat forces to increase, and the frequency for rapid drop of the impact forces i. e. the jump—down
frequency to increase. These are the nonlinear spring characteristics due to column impacts, 1. e. tke

hardening characteristics,

(2) Effect of gap width
Figure 3.6 shows relationship between excitation frequency and impact velocity, and relationship
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Fig. 3.6 Effect of gep width on impact response

between excitation frequency and impact force both with gap width parameter varying. Tt is seen that
impact velocity and impact force (also acceleration) have the same trend as excitation frequency is varied.

An increase of the gap width causes both the jump—up and jump—down frequencies of the impact
forces to shift to lower frequencies. The range of impact frequency gets smaller with increacsing gap
width. The impact forces increase with increasing gap width. This is because the velocity of the block prior
to an jmpact increases with gap width, This situation may be explained in detail as follows.

The impact velocity depends on relative velocity of the boundary and block. This then varies with
phase at the time of an impact between the boundary and block. The phase is defined as # in Fig. 3.7 (a) .
The displacement between the boundary and block during a half cycle of the sinusoidal wave in absolute
coordinates is shown in the figure. As may be seen in this figure under a constant excitation foequency,
with an increase in the gap width, the phase, &, at the time of an impact increases. The impact velocity also
increases, as seen in Fig. 3.7 (b) .

In excitation under constant input acceleration, excitation amplitude and excitation velocity are
inversely proportional to square of excitation frequency and excitation frequency, respectively. Hence,
with an increase in excitation frequency, response displacement and velocity of the block decrease.
Therefore, beyond a certain level of excitation frequency, the response displacement of the block is smaller
than the gap width, so that impact no longer occurs. With an increase in the gap width, the limiting
frequency causing an impact thus decreases. At low excitation frequency, since the gap width is small
relative to displacement amplitude of the boundary (equal to the excitation displacement) , the phase at
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the time of an impact is small. With an increase in excitation frequency, the displacement amplitude of the
boundary decreases. Since this is equivalent to a relative increase in the gap width, an increase of phase
at the time of an impact results. Impact velocity, therefore, increases with increasing excitation frequency,
and becomes a maximum in the vicinity of the limiting excitation frequency. Impact force, in relation to
impact velocity, shows a similar tendency.

(3) Differences with column excitation direction

At input accelerations over 500 Gal, the impact velocities, impact forces and impact accelerations are
smaller for the Y-direction excitation than for the X-—eirection eucitation. this is possibly because for the
Y—direction excitation the whirling is large compared with the case of the X-direction excitation.
Therefore impacts of the blocks occur by sliding along one side of V-shaped groove plates. The impact
values are thus reduced by an amount of momentum consumed in sliding friction. At input accelerations
of 500 Gal and above, however, no significant differences are observed.

(4) Statistical distribution of maximum impact force

In the experimental results described thus far, scattering of impact forces occur even in the case of
sinusoidal wave exitations considered as steady vibrations. In order to examine the extent of scattering,
maximum force, mean force, standard deviation and coefficient of variation were obtained. In Table 3.2
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Table 3.2 Histograms of impact reaction force

Excitation frequency Hz 2.5 3.5 5.0
Block No. No.9
max. value kN 8.06 9.25 8.89
Impact | mean value kN 6.67 578 4 84
reactionstondard deviation kN 1.35 |.64 1.45
foree | ariation factor Yo 20 28 30
2~ 08 08 0.8
2
3::' 0.4 I 0.4 0.4
HIStogramS gg 0 1 1 1§ 1 O 1 T T 1 0 T B T T 1
"’-f;' 04 06 08 10!l 04 06 08 10! 04 08 OB 10
>
E%’ Impact rgoction force to mox. value
Q
vl

Note (1) Max. input acceleration 750 Gal kN =102kgf
(2) Gap width 15mm

a statistical distribution of the impact forces for an input accleration 750 Gal, X—direction excitation, gap
width between column and impact plates of 15 mm and gap width at column top of 0 mm is shown.

It is seen that in the vicinity of an excitation frequency causing ‘maximum’ impact force, the
frequency of a maximum occurring is small, and occurrence is spontaneous. On the other hand, at an
excitation frequency away from the 'maximum’ frequency, causing a lower impact force (2.5 Hz in Table
3.2), the frequency of a maximum occurring is large, and it occurs respeatedly. The spontaneous nature
is accentuated at high input accelerations (large impact forces) . The above may be partly due to the fact
that under excitation conditions where the impact becomes violent and impact mode varies due to the

rotation of the block and whirling of the column.

3.3.3 Random wave response

The response characteristics of the column to seismic waves and beat waves were observed for
comparison with that of sinusoidal waves. In Fig. 3.8, maximum impact velocity and force versus input
acceleration for excitations by seismic, beat and sinusoidal waves are shown. It can be seen that the impact
velocity and force have the same trend as input acceleration is varied. Since there is no impact for a low
input acceleration, the impact values are zero. Beyond a certain input acceleration level, an Impact occurs.
The impact values then increase almost proportionally with input acceleration levels. The figure also
compares impact forces with various excitation waves, i. e. sinusoidal waves, earthquake waves and beat
waves. The maximum impact Tesponse values for earthquake waves are about 40 to 75% of those for
sinusoidal waves. The maximum impact response for the beat waves are tke same as that for sinusoidal

WwWaves,

3.3.4 Core seismic response

(1) Effect of excitation direction

As already described on section 3.3.2, the impact forces become a mauimum when there is a seismic
force in a direction such that impacts are between the sides of hexagonal blocks (i. e. in the X-direction) .
The impact forces then become a minimum where a seismic force is in such a direction that impact is
between V-shaped surfcaces (i. e. in the Y—direction) . In an intermediate direction between the two, the
values are intermediate. Therefore, by considering the maximum impact values in the X—direction in the
HTGR core design, the results will be the most conservative, compared with all other directions.
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(2) Gap width at column top

As evident in section 3.3.1, by reducing the gap width at the column top, the column behaves in
vibration as a beam supported at both ends. Compared tith a case of large gap width, the resonant
frequency becomes high and the displacements of the column become small. Therefore, in the design of
the HTGR core, reducing the top gap width as much as possible or restraining the column top while
considering the requirements in construction and fuel exchange, will raise its aseismicity.

(3} Compressive force from column top

The downward force from the top to the bottom of the column due to such as a gas pressure
difference increases apparent rigidity of the column. Therefore the column resonant frequency 18

increased and the displacements of the column are decreased.

3.4 Concluding remarks

Vibration tests were carried out on a single stacked blocks column which is a fundamental core
clment of the block—type fuels HTGR. The vibration characteristics of the single stacked column was
examined. The following were revealed by the vibration tests.

(1) The column resonant frequency decreases with excitation amplitude. The jump—up frequency of

the column displacements is higher in sweep—up than in sweep—down. The column has a
nonlinear resonance and exhibits a hysterisis response with jump points. These are the column
softening charactersitics due to column rocking, interface friction between blocks and loose
dowel connections. The column displacements also increase with increasing excitation levels.

(2) With an increase of the input acceleration, resonant frequency shifts to a higher frequency and

the impact forces increase. Nonlinear hardening characteristics due to block impact are
exhibited. |

(3) By increasing a gap width, both jump-up and jump-down frequencies of the impact forces shift
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to lower frequencies. The range of impact frequency gets smaller with increasing gap width. The
impact forces rise with increasing gap width.

(4) The top block gap has effects on the column displacement mode. Increasing the top gap pushes
the maximum displacement point of the column upwards and makes the motion more unstable.

(5) The effects of excitation direction on the resonant frequency are almost negligble, but a change
in excitation direction results in a slight change of the displacements and impact forces.

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

(7} The maxium response of the column for seismic waves is about 40 to 75% of that for sinusoidal

waves.
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4. Seismic Analysis Method for a Single Stacked Column

4.1 Introduction

Excat modeling of the complete three-dimensional core array is not possible because of com-
putational cost. It is realized however, that reasonable tools are needed; i. e. analytical methods and
computer programs, which are conducted in parallel with experiments. The methods and computer
programs can be verified and revised from experimental data. Then, the cmputer programs can be used for
design purposes.

Since such a sytem of blocks dose not constitute a structure in the usual sense, existing structural
theory and experimental data cannot be directly applied. Several special analytical methods have been
developed for analysis of this unique system.

The analytical method presented in this Chapter takes into account the complex nonlinear vibration
associated with multiple collisions and, in addition, the frictional forces between the block interfaces and
between the dowel pins and their mating holes are accounted for. The method is applied to a column of
blocks and the results obtained from the analysis are compared to results obtained from experiments. In
the real core, the blocks and columns extend three—dimensionally. In the present study, the following two
dimensional model is considered:

(1} each block is modeled as a rigid body,

(2) each block has three degrees—of-freedom, two translational displacements and one rotfation

around the block center of gravity,

(3) impact forces are represented by a spring and dashpot model located at impact points of each

block,

(4) dowels are represented as deformable members and the slipping on interfaces between dowel pins

and holes is allowed. and

(5) friction forces are calculated at horizontal interfaces between blocks.

4.2 Galculation equation
4.2.1 Equation governing motion

The forces involved in the analysis of a single stacked column of the HTGR core constrained within

rigid boundaries are as shown in Fig. 4.1 {(a} and 4.2.
Let the coordinate system by chosen as shown in Fig. 4.1 (b) . Each block has two translational
coordinates, u and w, and one rotational coordinate £. Figure 4.1 (b) shows the forces that act upon an

individual block. The equations of motion for the i-th block of the single column may be written as:

mi,= F+ FT G B FP G Ef L+ B FPR 4 F+ B+ Gl (40)
mowi= F/t+ B B A B~y FP A u PP+ FR e FRA - WP W, (42)
16;= MUET™Yy + M(FT) + M(F™) + M(FP) + M(F) + M(FL)) + M(EP)

+ MCFPRy— MOERS) + MOERS) — MOF™) — M(F™)+ M(F5) + M(F)

+ M(uEPSY + M(uFP®Y + M(uFRS) ~ M(uF5) -~ MW+ M(w]) (4.3)
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where, M(F) are moments caused by forces F. W Y%and W " are forces due to block weights and pressure

differentials acting at the upper and lower parts of a block.

4.2.2 Friction force between blocks and its associated moment
The friction force due to surface sliding is represented by a nonlinear Coulomb element. The

equations for the friction force F” and its associated moment M{(FF) acting on the i—th block, are as
} 2 g

follows.
E.F: F— signﬁ vy F(v) , ‘ } (4.4)
M(Fy=F/{— h,cost,— b;sinfd)) ,
and for the ;—1 block
E_Fljsign(viBF(v,) , ‘ } @5
M(F_)=F_ (h_ cos0,_,—b_,sinf,.,) ,
where
v= {it.— (h.costl,+ b.sing)6)
— {1+ (h_,cosf, ,—b,_;sinf,_)6,_}. (4.6)
For i=1
v =11y — (hy oS, + by Sindy)B, — o (4.7)

where u, and u, are the horizontal displacement and velocity of the center of gravity of the i-th block,
respectively. 1, is the horizontal velocity of the support floor.
If sing (@) 20, then

F'=—sign(»)F(v) ,
F F ‘ (4.8)
M(F"y=F(— h;cosf,+ b;sind)) ,

and for the i—1 block

FLy=sign(v) F(v) ,
F F . (4.9)
M(FZ )= F_ (k. cosf_, = b sind_y) ,
where
y,= {u,— (h[cosﬁf—b,-sinﬂ,)éi} .
—{tt,_,+ (h_,cos0; cosd,_—b,sind,_ )8 . (4.10)
For i=1
V]:fa'l]i(hl COSQI*bl Sil’l@l)él—l.lo R (4.11)

where 1, is the horizontal velocity of the support floor. F(v) is a prescribed function for the friction
characteristics which are related to the vertical contact force and the coefficients of both dynamical and

statical frictions.
F(v)=Flu, fo) +f0D (D) T, (4.12)

and, the functions f(v;, ¥/, v}) are related to the dynamical coefficient of friction z£;. The vertical contact
forces are obtained by summing blocks weights m.g and the differential pressure of a unit block length, F¥.

F=YmgtF . (+13)

=i
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4.2.3 Vertical impact force and its associated moment
The forces acting on the interface between the i-th and the i~1 blocks as a result of impact are derived
in term of deformation of each spring dashpot unit. When the gap is closing, the spring deformation 7, and
its time rate 7; are
1 .
YTy {wy 1~ (1 —cosd, ) —asing;_y}
1 .
— -2—{w!-+ h(1-cos#) - a;sind;}, (4.14)

7";;% W~ (B sing; |~ a;co80;_ l)éi— o

— 2t (lysing —a,c080)8,) (4.15)
For i=1
71:%[%— {w,+h(1—cosf))—asinf} |, (4.16)
e 1. . ) .
7’1:?[%— {w, + (h;sinf; —a,cosf)6,} ], (4.17)

whrer wy and \:vO are the vertical displacement and velocity of the support floor, respectively. The vertical
impact forces F'* (or F'* ) and its associated moments M(EMY (or M(F™)) acting on the —th block are

as follows.
If 7,0
FYR. gV vy ,
S } (4.18)
M(F,")= —F, "(hsind,—a;costl)) .
For the i—1 block
FPR=k'r+C'7i,
e } (4.19)
M(F2)=F(h_,sinf;,_+acost,_) .
When 7,=0
FVR_. pVR
‘ prT (4.20)

M(F"™)=M(FZ)=0,
where K;” and C” are the vertical spring and damping coefficients, respectively, for a single unit. In the
more general formulation, these quantities may be represented by a polynominal function.

K=Ky,
;0 (4.21)

4.2.4 Boundary wall force and its associated moment

The forces acting on the ith block as a result of impact on the boundary walls are derived by
deformation of each spring dashpot unit which is located on the upper and lower, right and left-hand
corners. During impact against the boundary wall on the upper right-hand corner the spring deformation

¢; and its time rate ¢, of the th block are
&= u+ hsind,— b(1— cosd) —uf--57, (4.22)

&= i+ (hycost,— bsind)0,— 1, (4.23)



JAERI 1322 4. Seismic Analysis Method for a Single Stacked Column 33

where 7 is the lateral boundary displacement at the contact point and & # is the gap between the ith block
and its boundary wall. The boundary wall impact force F™ and its associated moment M(ETR) acting on
the ~th block are as follows.

Ifg,>0

FfTR: - {KiBEF‘ C:‘Béi} :

4.24
M(T™)= F™*(h.cost,— b;sinf) , (4.24)

where K” and CJ-B are the boundary spring and damping coefficients, respectively and may be represented

in the following general form.

KiE; ZKUBE;’ 3

e (4.25)
cP=XC)e] .

=0

Similarly, on the upper left-hand corner

&=~ u— {Asind= b(1 —cosd)} +u’— o7, (4.26)

&= —u,— (hcost+ bsind )0+ u? | 4.27)
if ;>0

Flt=KPe t+ CPE,,

M(FT = FT (hcost+ b;sind) . } (4.28)

On the lower right-hand corner

&,=u,— {h;sind,+ b(1—cost)} —u’—67, (4.29)
£= i~ (hcosf+ bsindfi— | (4.30)
ifg,>0
FH=—{Kle+CPé),
HR BR . (4.31)
M(F™™y= — F""(h;cosfl,+ b;sinf)) .
On the lower lefi—hand corner
£,=—u+ {hsind,— b(1—cosf)} + ul—ar, (4-32)
& = = i+ (hicos— b,sing) 0+ i, (4.33)
ife,>0
FfBL: 7KEB"5;'; C('Béi ; 1 (4.34)
M(F#) = — FP(h,costl,— b,singy) . | '
When &,=0
' FTR_ pTL_ pPR_ pBL_
f : ’ ’ ' (4.35)

M(E™) = M(F™) = M(E™) = M(F") =0

4.2.5 Dowel force in the horizontal direction and its associated moment
The dowel forces in the horizomtal direction are derived from the contact condition between dowel
pins and mating holes. When a dowel pin and its mating hole are in contact, the dowel spring deformation

{8, and its time rate of deformation 5, for the i~th block interface are
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Bi={u; \—h; sind; —d; (1—sind, )}

—{u,— hsinf,— d{1—cos8)} b, , (4.36)
,6;,: i;,»_1¥(hf_1C059f_1fdi_]s-inﬂf_t)éi_,
— {u,— (h,cos8,+d.sin6)8,} . (4.37)
For i=1
B, =uy— {u,— hsinf, —d,(1—cosb))} +6g; , (4.38)
Bt 1t — (ycosd, + d,sinf)8,), (4.39)

wkere 6z and §; are the gap between dowel pin and hole on the right and left respectively. The dowel force
FPR and its associated moment M(F°*) in the horizontal direction acting on the i-th right-hand dowel

are as follows. If 3,>>0 on the right gap and 5,< 0 on the left gap

FfDR — KB+ CiD!éi : 1 (4.40)
M(FP®) = — EPR(h,cos0,+ d.sing,) , | '
for the i—1 block
FP=— K 8,~CH5,,
DR\ __ DR g (4.41)
M(FZ\)=F2(h_cost,_,—dsind,_,) .
If 5,</0 on the right gap and 5,>>0 on the left gap
FPR=F"=0, } 442
M(E)=M(F")=0, (342

where K”and C” are the dowel spring and damping coefficients, respectively and may be represented in
the following general form.
DN gD
F‘f - gng zj ’
” (4.43)
CP=2C78] .
i
Similarly, the dowel force £ and its associated moment M(F,"") in the horizental direction acting on the

i-th left-hand dowel are the same as equations (4.40) through (4.43) above.

4.2.6 Dowel friction force in the vertical direction and its associated moment
The dowel friction forces in the vertical direction are derived from the dowel forces and the friction
factor. When a dowel pin and mating hole are in sliding contact, the relative velocity between pin and hole

on the i~th block interface is

W= \;v,—-l- (h;sinf;,— d.cosid))g,

—{w = (h,sinG, | dicosf, )6} (4.44)
.For i=1
@, = w,+ (h,siné, — d,cos8,)6, — Wy (4.45)

The dowel friction force in the right-hand dowel in the vertical direction ¢ F°% and its associated moment
M(uFP?) for the i-th block are as follows, '

uFPR= —sign(w) + | FP?| « fluy , } (4.46)

M(uF Ry = —uFP"(hsing,—d;cosd) ,
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for the i—1 block

pEPE=sign(w) + | FP* |+ flw) }

4.47
M(uFPYy = —uF2(—h_sind; +dicost,_) , (+4D

whrer f(x) is a function of both statical and dynamical friction factors. Similarly, the friction force u FP*
on the left-hand side and its moment M(uFP") are as follows.
For the i~th block

uFM=—sin(@) « [ £ | = fu) } (4.48)

M(uFPty= —uFP(hsing+ d,cost) | '
for the ~th block

uFP=sin(w) * | £ | < fiw), } (4.49)

MuF2) = —~pF25(—h; sing,_ +d.cosl,_y) , -

Sy =Rty 1) - (4.50)

4.2.7 Mement due to block weight and pressure difference
The moments acting on the i-th block as a result of the block weight and pressure difference are as
follows. If a,_, >0

MW ) =W (hsing,+bcosd)) . (4.51)
Ifa, =0

M(WYy=W"hsing,. (4.52)
Ifa,_,<0

MW y=w/(hsinb,— bcosb) . (4.53)
where

wl— 3 w—Ff. (4.54)

j- il

when j=n, M( W,y =0. Similarly, if ¢, >0

M(WEy=W(hsind,—b,cosd) . (4.55)
If ¢,=0

MW =WFhsing, . (4.56)
Ifa<0

M(WE) =W/l (hsind,+ b,cosb)) . (4.57)
where

L_ “ P
W= W+F. (4.58)

j-i
4.2.8 Equation of motian for impact plate
For the th impact plate on the right hand side, the equations of motion are as:

m_BRﬂfBR: _EMR%,ETRJFEBR’ (4.59)
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EMR: Kj‘Mqui—i_ C{MRQ;D‘.‘ , (460)

and for the left impact plate

mPlyfl= pML_ pIL_ AL (4.61)
where
EM.L: K{MLgbi + CiMLgZ)i ) (4.62)
b=y, {4.63)
KM= 3 KM,
j==0

(4.64)

i o

4.3 Results and discussions

The governing equations given in section 4.2 can be numerically solved by using the Runge-Kutta

integration schemes. The geometry data and mass of the blocks are shown in Table 4.1 in such a way that

the system analyzed corresponds to the exmerimental HTGR fuel blocks with dimension scaled by 1/2

and weight scaled by 1/8. The computation time interval is 0.05 milli-seconds. The numerical results for

both free vibration and forced vibration problems are compared with experimental results.

Table 4.1 Calculation data

Block No.

Item - I~12 i Top block
173 {cm) 2.5
b {cm) 7.23
d {em) 52
h (cm) 14.23
I (kN + m) 0.0514 1 0.133
m (kg) | 6.15 9.0
my (kg) ‘ 6.15 9.0
Sg 01 (cm) 0.025
i (—) 0.2
s (=) 0.2
c? (kN * s/m) 1.73
on (kN « s/m) 0.0196~0.118 (depend on dolumn defleftion)
c? (kN * s/m) 4.12
cM (kN »5/m) 1.73
c’ (kN + s/m) 173
K® (kN « s/m) 2.45%10*
K® (kN/m) 1.52x 10
KM (kN/m) 2.45x10*
KY (kN/m) 2.45%10*
P (MPa) 0.0

(1 kN=7102 kgf, | kN/m=1.02 kgf/cm)
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Fig. 4.3 Column free vibration

4.3.1 Free vibration of a single stacked column

Figure 4.3 shows a comparison of the calculated and experimental results of a single stacked column
released from an initially displaced position. In the figure the time histories of the blck displacements were
plotted. For this free vibration case there is good agreement between the expeirmental and analytical
results. It is also seen that the oscillation periods are amplitude dependent.

Through proper adjustement of the physical parameters in the analytical model, a close correlation
between the analytical results and experimental data can be achieved for free vibration problems. In the
experiment the displacements were accurately measured by means of a differential transformer type
displacement detector. In the analysis the damping coefficient of this detector was varied to align the

analytical data to the experimental data.

4.3.2 Forced vibration without boundary impact

The forced vibration response of the single column under boundary excitation was also studied. The
support floor was assumed to be connected with the boundary walls to form a rigid frame so that the
movement of the walls is the same as that of the floor. Except at the top block, the side wall gap was large
and as a result, no side wall impact oceured. The column was excited by a sinusoidal floor motion at 3.5
Hz with 500 Gal maximum acceleration. The time histories of displacements of the blocks from both the
experiment and analysis are shown in Fig. 4.4. Figure 4.5 shows the column displacements as function of
input acceleration levels for sinusoidal excitation along the horizontal axis. It can be seen from the figure

that there is satisfactory agreement between the analytical and experimental results.

4.3.3 Forced vibration with boundary impact

The forced vibration response of the single column impacting the boundary walls was studied for
both sinusoidatl and seismic wave input.

The blocks were subjected to impact loads due to periodic impact against the walls. The colunin to
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wall gap in the test was taken to be 15 mm except at the top where a smaller gap of 0.5 mm was used.

(1) Sinusoidal wave excitation

Figure 4.6 shows the time histories of displacements and impact forces of the column for a 3.5 Hz,
500 Gal sinusoidal excitation. The results from analysis and experiment are compared. Figure 4.7 presents
a sequential display of the motion of a thirteen blocks column. The blocks were subjected to impact loads
due to periodic impact against the impact plates.

In this Fig. 4.8, it can be seen that the analytical results for both block displacements and impact
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forces are in good agreement with the experimental ones.

|
l Figure 4.9(a) shows the distributions of the block impact forces along the column and compares
|
\

analytical and experimental results, The analytical results show a favorable correlation with the results of

the experimens.

{2) Random wave excitation

For a random input wave, the modified E1 Centro (1940 NS} was applied to the HTGR core. Since
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the column model was 1/2 scale the time scale was reduced by 1/y/2 according th the laws of similarity.

Figure 4.8 shows the time histories of the displacements and impact forces of the column for the
modified E1 Centro wave of 500 Gal peak acceleration. The analytical and experimental results are
compared. Figure 4.9(b) shows the distribution of block impact forces along the column. The analytical
results show a favorable correlation with the results of the experiments. Figure 4.10 shows the impact
forces as function of input acceleration level for sinusoidal and random excitaions. The analytical results

show a favorable corrlation with the results of the experiments.
4.4 Coencluding remarks

A seismic analysis method for the block column of the experimental HTGR core has been developed.
The calculation equations and numerical results have been presented and were compared with the results
of the experiments. The following conclusions have been drawn:

(1) The analytical results were compared with experimental data for both free and forced vibration
of a single stacked column. Good agreement was obtained between analytical and experimental
results.

(2) Using this method, forces of dowel pins and around the holes can be computed. In addition
stresses of dowel pins and corresponding holes can slso be evaluated from forces. This is
important since structural design of dowel pin and hole is often the most critical part of fuel
block structural design.

(3) The method is capable of being extended to the plane motion problem of a series of many

interacting stacked cclumns.
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5. Column Response Characteristics

in Three—dimensional Space

5.1 Introduction

Whirling of the columns and effects of a pressure difference between the top and bottom of the
columns upon the vibration characteristics are not clarified yvet. In a real core, cocling gas flows
downward from the top, so that a pressure difference between the top and bottom of the reactor core
occurs. Due to this gas pressure difference, each column is pressed down. In the core three-dimensional
motion (whirling) of the columns may be expected. As seen, for an aseismic design of the reactor core,
it is necessary to understand displacement and impact characteristics of the columns under a pressure
difference from the top to the bottom as whirling characteristics. In the present study vibration

characteristics of the column were examined by experiment.
B.2 Experimental apparatus and method

5.2.1 Experimental apparatus

In the HTGR core, seven columns form each fuel region. The fuel region (seven columns) was used
in the experiment, as shown in Photo. 5.1. Each column was composed of twelve hexagonal graphite
blocks and one steel block of the same shape giving a total of thirteen layers of blocks. The seven columns
were assembled as a unit; the external six columms were fixed to support frame and the central column

(b) Horizontal view

{(a) Vertical view

Photo. 5.1 External appearance of one region core model
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stood by itself with some distance from the surrounding ones. The gap width was changed by changing the
thickness of steel shims between the surrounding columns. In this way, motion of the column and impact
characteristics, depending on the gap width, were examined. The gap pressure diffrence from the top to
the bottom of the column was simulated by a compressive force (1.34 kN) of a spring attached to the top
of the column, in order to examine effects of the pressure difference upon the column characteristics.

As indicated in Fig. 5.1, excitation (shaking) of the column was in two alternative directions, at right
angles to each other. The vibration characteristics of the column, depending on exciation direction, were
thus examined.

The support frame was a steel box type, having sufficient rigidity (primary natural frequency 24 Hz).
As a unit with the group of columns inside, the frame was fixed on a shaking table.

The graphite fuel blocks, as shown in Fig. 5.2, were hexagonal prisms of 150 mm in width between
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Table 5.1 Detectors and measuring positions

Item Detector Detector position Number
. Block No. 7, 9, 11, 13 (Horizontal)
Block displacement Eddy current type . 10
Block No. 7 (Vertical)
Impact acceleration " Piezoelectric type . Block No. 4, 6, 8, 10, 12, 13 12
Frame acceleration Strain gauge type + Frame 3
Shaking table acceleration Strain gauge type " Table 1

the sides and 285 mm in length (bottom block is 214 mm). Material was a nuclear grade graphite of
apparent specific gravity 1.74 and Young’s moduls about 8 GPa. In each block, there were three graphite
dowel pins on the top face of each block which fit into mating holes in the bottom of the above block. The
bottom block were connected to a base plate through dowels on the plate. The dowels work as shear
connectors. The dowels restrict horizontal motion between block but not vertical or rocking motion.
Compared with the experimental HTGR under design study in Japan Atomic Energy Research Institute,
the graphite blocks were dimension scaled by 1/2 and weight scaled by 1/4 of those of the real fuel blocks
(or about 1/2.5 the size and about 1/6.2 the weight of those of the large HTGR fuel block by General
Atomic). To correct the weight, for adopting to the similarity laws, as indicated in Fig. 5.2, a lead cylinder
was attached in the middle of a block as an additional mass. Consequently, the weight of graphite blocks
was 19.1 kg (14.3 kg in the bottom block). The top steel block, though the same in size, was 17.4 kg in
weight.

Measurements were made, as shown in Table 5.1, of displacements between blocks, and horizontal
and vertical impact accelerations of blocks. Displacement detectors used were of the non—contact eddy
current type. To measure whirling of the column, two detectors were set on two sides (120° apart) of each
block, as shown in Fig. 5.3.

The impact accelerometer was piezoelectric type. In order to record the excitation conditions, strain
gauge type accelerometers were set on the support frame and the shaking table. The positions of attached
detectors were indicated in Fig. 5.3. Higher harmonic fraquencies were cut off from the impact

acceleration data using a low pass filter with a cut—off frequency of 800 Hz.

Acceleration
detector Displacement
Al3, A4 detector y
5
AllLAIE Tl D9,D10 0-2.46.,8,10
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Fig. 5.3 Instrumentation
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B.2.2 Experimental method

Uni-axial horizontal excitation tests were made on a group of columns on the shaking table.
Excitation conditions were ranging in frequency from 1 to 20 Hz, acceleration from 50 to 500 Gal, input
amplitude from 0.5 to 4 mm, gaps between the central column and surrounding ones, 2, 4, 7 and 80 mm,
and two alternative excitation directions. Experiments were made with constant input amplitude. Effects
on (1) column vibration and impact characteristics of gap width, (2) excitation frequency and accelera-

tion, (3) excitation direction and (4) a gas pressure simulation column spring were examined.
5.3 Results and discussions

5.3.1 Displacement characteristics

(1) Vibration mode

Figure 5.4 describes vibration modes of the column in maximum displacement at each excitation
frequency. At low excitation frequeny, the central column does not impact with the surrounding columns.
With an increase of excitation frequency, the column displacements increase, and the central column
impacts with the surrcunding ones. Then, with further rise of frequency, the displacements decrease
suddenly, with no impact any more. In the case of no impact, the column bends between blocks No. 8 to
9, 1. e. at about two—thirds of the column length. In the case of an impact, it exhibits a vibration mode,
with blocks attaching to the surrounding ones.

(2) Column whirling

In Fig. 5.5 is shown whirling of block No. 9 at each excitation frequency in the Y direction of column
excitation (the supporting point in block rocking at one of the six hexagonal corners). The displacement
locus of the block center is for a cycle of sinusoidal wave excitation in the figure. At low excitation
frequency, whirling is not large. With a raise of frequency in increases. A maximum whiriling is exhibited
at 7.5 Hz. Concerning the whiriling, Fig. 5.6 shows the displacement characteristics of the block in a 30°
direction close to the excitation direction and Y direction. As seen in the figure, a peak displacement in
the 30° direction appears at 7 Hz. After this has decreased, a peak displacement in the Y excitation
direction appears at 7.5 Hz. Occurrence of block whirling is thus shown. With further increase of
excitation frequency, displacements in both excitation direction decrease. In Table 5.2, the amlitude jump
—down frequency for the condition of Fig. 5.6 is 7.0 Hz for the Y excitation dirction. It is seen, therefore,
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Table 5.2 Jump frequency (resonant frequency)

Model condition ‘ Tump ap frequency (Hz) Jump down frequency (Hz)
— — — Input displacement {mm} Input acceleration (Gal)
Excitation Column | Gap |
direction spring ‘ (rnm) 0.5 1 2 4 75 100 1+ 300 400
Y With 5.5 5.5 4.5 3.5 7.0 7.0 9.0 9.5
spring | 2 8.0 6.5 5.5 3.6 - 7.5 - 13.5
5.0 5.0 4.0 3.0 5.5 6.0 10.5 12.0
X Without -
) 4 4.0 3.3 2.8 2.5 4.3 4.5 7.0 7.5
spring
‘ 7 4.5 35 35 i 2.5 2.8 4.0 5.0 5.5
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that the conditions for whirling are a resonant frequency in the X direction in the Y excitation direction.

For the cause of whirilig, the following is plausible. In block rocking with a hexagonal corner as the
supporting point, the potential- energy is higher than in the case of a hexagonal side as the supporting
point. The former rocking phenomenon thus tends toward the latier one, resulting in block whirling.

Whilling is more likely fo cocur in the Y direction than the X direction.

(3) Subharmonio vibration

Subharmonic vibration appears either with high excitation frequency at low acceleration levels or

with low frequency at high acceleration levels. Figure 5.7 is an example of the former case, a one—half and

a one-third subharmonic vibraion at frequencies 6.5 and 9.5 Hz respectively. The same results are also

observed in analysis with a tracking filter, as shown in Fig. 5.8. Subharmonic vibration takes place due to

the friction coniact of the upper and lower blocks and to the unsymmetrical support in the upper column
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Fig. 5.8

Tracking analysis
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gaps and uneven gaps horizontally.

(4) Displacement characterisitics
Figure 5.9 shows the displacement as function of excitation frequency under constant excitation

levels. Figure 5.9 (a) is the displacements of the column under contant excitation amplitudes. The jump
-up frequency, which suddenly increases the displacements, shifts to a lower frequency with an increase
of excitation amplitude. These are a nonlinear spring characteristics due to block rocking and frictional
force, 1. e. the column softening characteristics.

Figure 5.9 (b) is the displacements under constant acceleration levels. It is seen that with an increase
of acceleration level, the frequency for sudden drop of the displacements, i. e. the jump—down frequency
shifts to a higher frequency. These are nonlinear spring characteistics of the column.

(5) Comparison between frequency sweep—up and sweep-down

Figure 5.10 shows the displacement response curves under excitation frequencies of sweep—up and
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Fig. 5.10  Comparison between sweep—up and sweep—down response



5. Column Response Characteristics in Three-dimensional Space i

Fig. 5.11

JAERIT 1322
E
£ |[Based on soft
« |[spring of
O
b column
Q_ —t—
—_
[ oy A /
QXx \
E (=) \ !
D !
=
°
ray
»
()

Excitation frequency Hz

Column nonlinear response of a
system with softening charact-
erististic and hardening chara-

cteristic

sweep—down. Figure 5.10 (a) is the case under constant excitation amplitude. The jump—up frequency is
higher in sweep—up than in sweep—down. Figure 5.10 (b) is the case under constant acceleration level. The

jump—down frequency is also higher in sweep—up than in sweep-down. As shown in Fig. 5.11, thereis a

hysteresis at low excitation frequency due to the column softening characteristics.

(6) Effect of gas pressure difference simulation spring
Figure 5.12 shows the displacement response of the column with and without a gas pressure
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Table 5.3 Column vibration characteristics

Input acceleration Response amplitude Resonant frequency Damping factor
(Gal) (- (Hz) (%)
50 : 4.0 4 13
75 : 3.3 3 15
160 3.0 = 2.5 17

difference simulation spring. Figure 5.12 is the case under constant excitation amplitude. The jump—up
frequency for the displacements is higher with the spring than without. The jump-down frequency for the
displacements is also higher with the spring than without. These results are summarized in Table 5.2.

As scen above, with a gas pressure difference simulation spring the jump—up and jump-down
frequencies for the displacements are both higher than that without it. The displacements at resonance are
also smaller with the spring. The above is due to an increase in frictional force between the upper and
lower blocks caused by the compressive force of the spring.

(7) Effect of excitation direction

In Table 5.2 are shown the jump-—up and jump—down frequencies for the displacements in two
alternaive excitation directions comparatively. Both the frequencies are higher in the X direction
excitation than in the Y direction.

(8) Displacement ampﬁiﬁcation at column resonance and its damping constant

Table 5.3 shows the column response magnifications and the damping factors in resonance at low
acceleration levels. The column resonant amplitude magnifications are about three to four. The damping

factors increase with the column displacements.

5.3.2 Impact characteristics
(1) Effect of input acceleration level

Ins Fig. 5.13 are shown the impact accelerations and impact forces as function of input acceleration
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Fig. 5.13 Tmpact response as function of excitation level
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under constant excitation amplitudes. The impact force is calculated as the product of block mass and
impact acceleration. There is no impact at low input acceleration level, so the impact values are zero.
Beyond a certain input acceleration level, an impact occurs. The impact values then increase almost
proportionately with input acceleration. The peak values are exhibited at resonance 5.5 Hz under
excitation conditions.

(2) Effect of gap width between columns

In Table 5.2 is indicated the variation of the column displacement jump—up and jump-down
frequencies with gap width. At an increase of gap width, the jupp—up frequency shifts to lower frequency.
With its increase, the jump-down frequency also shifts to lower frequency. Therefore, the range of impact
frequency gets smaller with increasing gap width.

Figure 5.14 shows the impact accelerations and impact forces versus gap width as function of
acceleration levels. The impact values increase with increasing gap width. This is because the velocity of
the column berfore an impact increases with gap width.

(3) Contact duration

For the seismic simulation analysis of column behavior including impacts, it is necessary to make
clear the contact duration in an impact and also to set an impact equivalent spring constant and an
equivalent damping coefficient from the contact duration and coefficient of restitution. For this purpose,
an experiment was made in the impact of two blocks, to measure the contact duration and coefficient of
restitution for impact velocity and impact mode. Practically, however, the contact duration for blocks
constituting the reactor core must be measured and an average value is to be introduced in simulation
analysis. Therefore, the contact duration was estimated from the acceleration wave form in an impact
between the upper and lower blocks.

Under the experimental conditions (such as impact velocity 5~15 cm/s), the contact durations are
2~4 milli-seconds. The effect of impact velocity on the contact duration could not be made clear because
of the scattering in data. Nevertheless, an average value of the contact duration for analysis data could be
obtained.

(4) column impact in only one direction

When the gaps between the central column and surrounding ones are not uniform, the column may
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Fig. 5.14 Effect of gap width on impact response
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column

impact with the surrounding ones only in one direction. The case of impacting only in one direction and
of a stronger impact in one direction than the other were observed.

(5) lmpact acceleration distribution along the column

In Fig. 5.15 is indicated the impact accelerations along the column. At small gap width, the
distributions are a broad peak along two-thirds of the column length. At large gap width, the distributions
are a peak with a maximum at two-thirds of the column length. This distributions are similar to the

vibration mode with a miximum columnn displacement as shown in Fig. 5.4.

5.4 Concluding remarks

Vibraiton tests were carried out on an one region core (seven stacked columns) which is a
fundamental core element of the block type fuels HTGR. The vibration characteristics of a stacked block
column were examined.

(1) In the experiment of vibration response of the stacked block column, it was observed that the
column exhibits softening—hardening characteristics. The softening characteristics are caused
by column rocking, block upper and lower faces friction and loose dowels connection.

(2) Whiriling phenomenon of the column appears under certain excitation conditions.

(3) The column vibrates in subharmonic frequency under certain excitation conditions.

{(4) The compression spring simulating gas pressure difference between the top and bottom of the
column has the effect of raising resonant frequency of the column.

(5) There is nearly pooportional relation between input acceleration and impact acceleration.

{6) The impact accelerations increase with an increase of both input accelaration level and gap width

up to a certain level of impact acceleration.
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6. Simplified Analytical Model for HTGR Core

Seismic Response

6.1 Introduction

Seismic analysis of the high temperature gas—cooled reactor (HTGR) core consisting of graphite
blocks is important from a safety point of view. However there is hardily any such established technology
at present. Several analytical models and computer programs by Olsen et al.?), Lee et at."™~ " and Muto
et al. #7~6G% Bezler et al.™, Merson and Benmett™? and Tshizuka et al, 4~ ¢®
an impulse-momentum model and a spring-dashpot model.

A large number of blocks are involved in the HTGR core. In the complete description of block

are available and they use

motion, six degrees—of—freedom are required, so that several-ten-thousand degrees of freedom are
necessary for full core blocks analyses. Integral times are within il the order of 0.05 milli-seconds, because
the impacts between blocks occur in times of the order of milli-seconds. In several-seconds analysis of the
time history core response, several ten thousand integral steps are necessary. Therefore, time history
analysis of the core seismic réép(mse requires a considerable amount of computational cost. In order to
reduce this cost, a simplified model for core seismic analysis is conceived.

In the simplified model, one degree—of—freedom mass with nonlinear column characteristics is used
instead of the a single stacked column, Some problems are solved to show validity and applicability of the
model in core seismic analysis. In the first problem, a single stacked column without side boundaries
subjected to sinusoidal excitaiton is analyzed and the results are compared with the experiment and the
detailed model. In the second problem, a single stacked column with boundary impact under sinusoidal

exictation is analyzed. The results are also compared with the experiment and the detailed model.
6.2 Calculation model and formulae

[tlustration of the simplified model for seismic behavior of the HTGR core requires discussions of the
following three steps:

(1) detailed model,

(2) simplified model with nonlinear column characteristics, and

(3) simplified model with column boundary.

6.2.1 Detailed model

The dynamic models involving impacts can be divided into two categories; 1. e. the impulse—
momentum model and the spring—dashpot model. In the impulse-momentum model, the momentum

* conservation principle and collision theory are applied for block impacts. In the spring—dashpot model, the

impact hehavior is represented by dynamic elements which have spring and dashpot elements (Voigt
model). In the present study, the spring—dashpot model is used.

In the detatiled model the following assumptions are made, as shown in Fig. 6.1:

(1) each block is modeled as a rigid body,

(2) the calculation system is two—dimensional and each block has three degrees—of—freedom; two

translational displacements and one rotation at block center of gravity,
(3) impact phenomenon is modeled with an impact spring—dashpot, and

(4) dowels are deformable and block interfaces have friction force.
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Fig. 6.1 Detailed model for column vibration

The equations of motion for an i—th block in the sigle column may be written as:

mx=F§+ By~ F{+ F{— F{+ Fy — o, (6D

mz=FE~Fl+mg, (6.2)

=M+ MI— ME+MI+ M7+ ML+ MI+ M), (6.3)
where Fy, My : boundary force and moment, F,, M}, : dowel force and moment,

Fg, M friction force and moment, F,, M, : vertical force and moment,
g : gravity constant, [ : moment of inertia, m : mass of block,
x, X : lateral displacement and acceleration, x, : base accelaration,

2z, z; vertical displacement and acceleration, 6, 8 : rotation angle and angular acceleration.
Super scripts
B : lower, L : left, R : right, T : upper.

6.2.2 Simplified model
In the simplification, one degree—of—freedom mass with a nonlinear spring and dashpot is used
instead of the stacked column, as shown in Fig. 6.2. The equation of motion of the mass is

m,x+ C x+K,x=m,x,, (6.4)

- where m, : equivalent mass of column, C, nonlinear damping coefficient dependent on velocity
and displacement, and K, nonlinear stiffness coefficient dependent on displacement.

The eqivalent column stiffness and damping coefficients and equivalent mass are derived from
column static and dynamic experiments. The column stiffness and damping coefficients are generally
defined in polynominal form.

K=Y Kx, C=X%Cx+X Cx"
i—0 i—0 i=0

According to the experiment. K, and C, are presented as
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6.2 Detailed and simplified models for column vibration

K(x)=Ky+ Kx+Kx’,  C(x)=CG+Cx.

57

An example of the equfvalent column stiffness coefficient and damping factor (derived from
experiment of a scale model) are shown in Fig. 6.3 and Fig. 6.4. (it is dimension scaled by 1/2 and weight
acaled by 1/4 of a stacked column of the experimental HTGR.)

The equivalent stiffness coefficient was determined by the column restoring force and displacement
curve which was obtained by the static loading test of the maximum deflection point of the column first
order vibration mode. It is seen from Fig. 6.3 that equivalent stiffness is nearly linear at small

displacement of the column and gradually decreases as a displacement increases (the column shows soft

spring characteristics).

The equivalent damping coefficient was calculated by the measured resonant frequency and damping

ratio in the vibration tests. The coefficient C, can be caiculated by the following equation.

C.=C,, C,=2mh (2nf,),

kN/cm

Equivalent column stiffness

3 ' '

_\ x Experimental doto

-l )
2 — -

L \ i
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Fig. 6.3 Equivalent column stiffness vs. displacement

(6.5)
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where m is the mass calculated by Eq. (6.6) and h and f, the damping ratio and natural angular frequency,

respectively.
It is seen that the equivalent damping factor varies from 10 to 40 % of critical damping. The damping

factor increases with an increase of column displacement.
The equivalent mass was calculated by the static deflection mode which was seasured by the static

load tests. Mass m can be calculated by the following equation.
m=2X¢ m/d; , (6.6)

where m, and ¢, are the mass and deflection of the #th block and ¢, the deflection of a loading block.

6.2.3 Simplified model with column boundary
Where a boundary exists, the impact element simulating impact behavior of the core blocks by spring
and dashpot is attached to each column block with a gap between neighbor columns as shown in Fig. 6.5.

The equation of motion is
m i+ Cox+K,x=m,x,+F,, (6.7)

where, F.is the impact force between columns.
The initial gap between two adjacent columns is defined by parameter 8. The spring and damping

forces as functions of relative displacement and velocity of two impacting bodies are:

K

(a) Column array (b) Simptified model

Fig. 6.5 Simplified model for block impact
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Spring force Fs

—0 if X2 x,— 0, '

Damping force Fp

Fp=C(x,— %) ; if x,<x—8;, } 69)

=0 i x 2z x,— 4y

The impact force is then

Fo=F,F,. (6.10)

6.2.4 Damping coefficient in viscoelastic impact model

Let us consider the damping coefficient in the viscoelastic impact model. In the study, impact
behavior is confined to elastic bodies impacting one another; and it is represented by the viscoelastic
element as shown in Fig. 6.6, The kinematic energy of impact bodies, the potential energy of the elastic

spring and the dissipation energy of the dashpot are as follows:

T'—%m;cf—%——;mfcf, U:%K(xl—xzrau)z, F:%C()'cf-—)'c;)z.
The Lagrange equations of motion are

d 0T _oU , OF _

@t ox " ax tax O (6.11)
mx, + C(x,— %)+ K(x —x,—8,) =0, (6.12)
mx+ C(x,— %) + K(x,— x;+5,3) =0 . (6.13)

Assume the following as the particular solutions of Egs. (6.12) and (6.13)

X\ =ay+attme’, x=bytbit—be, (6.14)
where gy, @, by, by, by and 4 are constants. And the initial conditions are

=0, %= 6, y=x,=0, n=x,=0, t=0. (6.15)
We have the following equations from Egs. (6.14) and (6.15)

4,=0, ;= a,.=0, by= 05, b= bA=v, . (6.16)
Substituting Eq. (6.16) into Eq. (6.14) gives

x=at-ae’t, x,=—8,+ bt bel. (6.17)

|

=
-
Farce

L. )
[ Clio el

m C m
O/Displocemem X = Xz = Op

(a) Mass impacting model (b) Hysteresis loop for impact .

Fig. 6.6 Viscoelastic model with two impacting bodies
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Substituting Eq. (6.17) into Eqgs. (6.12) and (6.13) yields

(CHKn(a—b)+ ' {ma,\>+ C(a,~by)A + K(a,— b)) =0,
(CHEKD)(b,—a) e {mbA*+ C(b,-- a)A + K(b,—ay)} =0.

Since Eq. (6.18) is satisfied generally at all times, the equations below may be derived
al:bl, a2+b2:0, azibzzi%.

From Egs. (6.16) and (6.19)

¥

5

Hence we obtain the so—called characteristic equation from Egs. (6.18)

(mi2=2CA+2K)ae’ =0 or A*-+2w h+wi=0,
where
w,=v2K/m, C.=y2ImK, C/C.=h,

F=w(— ke P—1).

JAERT 1322

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

Since the impact takes place as an internal damping, the damping factor is smaller than 1. Equation (6.23)

becomes .
r=w(—hTi1—1),
or

A=w (—hy1—1).

Substituting Eqgs. (6.20) and (6.25) into (6.17) gives

x,:-;zﬁr aexp(— hw t+iw o 1 — K1),
37 Gt byexp(— ot i, 1= D).
X ’—%H‘ aexp( — ki, 1) sinw 1—Hr,

V2 . 2
Xy = ﬂ--611+7t+ byexp(— hw Dsinw /1 —ht .
Applying the initial conditions, we obtain the relations

Ttawy 1 F=0, (1=0;=0),

%ﬁLbzw”\/l—hz:vz, (=0 x=v,) .

which are solved for g, and b, to give

1 ¥ b 1 Yz
Qoo ———————— ———e—— ¢
? wAi1—F 27 7 e 1R 2

Therefore after the impact Eq. (6.27) becomes with the initial conditions
1
xlzﬁt* — " - exp( — i ,8) simw o 1 — Ht,
2 wyl-k 2

1 W

x2:~512+%r+z N exp( — b, tjsine v 1 — it .

I

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

Since x, — x, =4, when two bodies leave each other after impact, from Eq. (6.28) the contact time
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is derived as

1 ‘ T
—- ﬁvzexp(* hey D) sine o 1 —hr=0,
Wy 1 —

or
— Fa
wyl—kt=r, = —
wyl1—H

where ¢, is the contact time.
Velocities of the two impacting bodies after impact are

. v ¥, »
()i, = o exp(— oty = (L exp(— R, 1))

. ¥ v V.
(%), = o P Ity = (I —exp(— L)

The coefficient of restitution 7 is

(';cl)t:rc_(;cl)z:zc
n=— - : (6.29)
V2

or

n—exp(—hwntc):exp< - ,H—h—2> (6.30)
V1—h

In the model the relation between the damping factor h and the coefficient of restitution 7 is thus
obtained, and from Eq. ( 6.22) the relation between the damping factor h and the damping coefficient C

is also obtained

C=v2mKh, (6.31)
or
C=2mw h=2mh(2rf). {6.32)

Since the coefficient of restitution 7, the contact time ¢, and the natural frequency w, are obtained from
the experimental data, the damping factor h is calculated from Eg. (6.30). Finally the damping coefficient
can be caiculated from Eq. (6.32).

6.3 Results and discussions

The governing equations were numerically solved by using the procedures of the Runge-Kutta
integration schemes.

The numerical data presented for calculations were generated with C,= C,=0.588 kN * s/m, m= 120
kg, and K, from Fig. 6.3,

To confirm the validity of the simplified model, the analytical results are compared with those of the
experiment and the detailed model. Figure 6.7 shows response characteristics for sinusoidal excitation
which sweeps up in frequency. In the figure, circles show the experimental results and the solid line and
broken line show those of the simplified and the detailed models, respectively. The results are in good
agreement with those of the experiment and the detailed model. A nonlinear jump phenomenon is seen in
the results of the simplified model.

The ratio of computer processing time of the simplified model to that of the detailed model is about
1 : 30 for the above problem.

Figure 6.8 shows relationship between excitation frequency and impact force in the simplified model ,
as compared to results from both the experiment and the detailed model. The results are in relatively good

agreement with those of the evperiment and detailed model.
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6.4 Concluding remarks

JAERI 1322

Successful application of the simplified model which uses one degree—of-freedom mass with non-

linear column stiffness and damping characteristics has been shown for the seismic response of a column.

By the analysis and in comparing with the results of experiment and datailed analysis, the following

conclusions have been reached:

(1) The results of the test problems show validity of the simplified model in nonlinear core dynamic

analysis.

(2) The computer cost of time history analysis of the HTGR core by the simplified model is

signficantly lower than that of the detailed model.
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7. Seismic Response of a Two—dimensional
Vertical HTGR Core

7.1 Intorduction

The column vibration behavior and impact characteristics in two—dimensional elevation were
clarified in the single column test. The softening and hardening characteristics of the stacked block
column are revealed in the single column tests. The effects of the gap width between the column and
lateral boundary on the impact forces and the effects of the excitation direction of the hexagonal column
were also revealed. Whirling of the column and the effect of the pressure difference from the top of the
column upon the vibration characteristics were clarified in the one region core tests. Subharmonic
frequency due to the unsymmetrical support in the column upper gap were also determined.

However, multi—column interacting motion and impact forces, effects of the side support stiffness
upon column displacments, impact forces and dowel forces are not clear yet. For this purpose, vibration
tests of the two—dimensional vertical slice model were coducted. A vertical slice model (twelve stacked
block columns and two permahent side reflector columns) across the center of the core was selected.

Uni-axial, horizental, sinusoidal and time history excitation tests of a half scale model were
performed by using a shaking table to obtain the vibration mode, and dynamic properties; as function of
frequency, such as acceleration level, side support stiffness and effects of gas pressure simulating spring,

collision forces and distributions along the column and dowel forces.
7.2 Experimental apparatus and method

7.2.1 Experimental apparatus

A vertical slice across the core was selected and twelve fuel columns and two permanent side reflector
columns were modeled as shown in Fig. 7.1 and photo. 7.1. Each column was composed of twelve graphite
blocks and one steel block of the same shape, giving a total of thirteen layered blocks. The three columns
were grouped to form simulating a one fuel exchange region. The blocks within the center coiumn
(simulating the control rod channel column) of each region were placed downward relative to the two
surrounding columns. In each block, as shown in Fig. 7.2, there were three dowel pins in the top and three
dowel holes in the bottm for alignment of the block column. The bottom block in each column was
doweled to the core support plate. Therefore, in the column, the horizontal motion between layered blocks
is restricted, but rocking or vertical motions are permitted. In the real core, each fuel region is joined
together at the top blocks. Simulating the joined blocks, a tie plate of three columns each was adopted.

Each side reflector block (simulating a permanent side reflector) was fixed to the steel frame by side
restraint structures. Three kinds of side support springs were provided, namely; hard support spring,
combined bilinear soft support with hard stop, and intermediate support. The spring rates were as shown
in Table 7.1; (1) hard spring support, 8134 kN/m. (2) intermediate spring support, 588 kN/m and (3)
combined billinear soft spring and stop support, 39.2/784/8134 kN/m. The side support spring was
changed to examine effects of support stiffness upon the core vibration response.

In the real core, a core support block is supported by graphite posts. In the test model roller bearings
between the core support plate and the base plate in the steel frame were used. The roller bearing
permitted lateral movement of the core floor without residual vertical travel that accompanied support

post rocking motion in the real core.
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Table 7.1 Spring constant of support structure

Spring constant (kN/m)

Support spring

Reflector block ‘ Support plate

Hard 8134 ‘ 5880

Intermediate 588 725
. D<8<1.1 39.2 39.2
Displacement ;
Soft 1.1<<o<55% | 784 784
- (em)
X §<5.5 8134 5880
L

(1 kN/m=1.02 kgf/cm)

The model represented the reactor core in its cold and fully irradiated state so that the gap width
between columns was 2 mm (4 mm in the real core) . This test condition was expected to have the most
severe response, clarified in previous experiments. The total cross core gap of the model was constant at
26 mm, with the gap in the top block layer equal to 6.5 mm (each gap width 0.5 mm ). The gap width
between top blocks was changed from 0.5 mm to 2 mm by means of changing two different top blocks.
In this way the motion of the column and its impact characteristics depending on the top gap width were
examined.

The gas pressure defference along the column was then simulated by the compressive force of a spring
attached to the top of the column, in order to examine effects of a pressure difference upon the column
characteristics.

According to the similarity laws graphite fuel blocks were dimension scaled by 1/2 and weight scaled
by 1/4 of the real fuel blocks of the experimental HTGR under design study in JAERI. To make a
correction to the weight, as indicated in Fig. 7.2, a lead cylinder was inserted to in the middle of each
block as an additional mass. The block material was a nuclear grade graphite of apparent spcific gravity
1.74, and Young’s moduls 8 GPa,

The support frame was a steel box, having sufficient rigidity (primary natural frequency 20 Hz) . As
a unit with the group of columns inside, the frame was fixed on a shaking table.

Measurements were made, as shown in Fig. 7.3, of relative displacements between blocks and support
frame and hoizontal and vertical impact accelerations between the blocks and between the blocks and side
reflector blocks. Impact reaction forces of the reflector blocks were measured by strain gauges attached

to the side support structures.
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Fig. 7.3 Instrument location

The displacement detectors used were differential transformers. Piezoelectric impact accelerometers
were used. In order to measure the dowel force strain gauges were set on dowel pins and dowel holes of

selected graphite blocks.

7.2.2 Experimental method

Uniaxial horizontal excitation tests were made on a group of columns on a shaking table. Excitation
conditions were ranging in frequencies from 1 to 10 Hz and accelerations from 50 to 50 Gal. The effects
on column motion and impact charactersitics like excitation frequency and acceleration, side support
stiffness, top blocks gap width and a gas pressure simulation spring were thus exmined.

Sinusoidal waves and random excitation waves such as the E1 Centro 1940 NS, the Ibaraki 1964 EW
and a white noise wave were used to vibrate the shaking table. In the seismic wave, the time scale was
reduced to 1/y2 to fit the laws of similarity.

The sinusoidal frequency sweeps, sweeping up and down from 1 to 10 Hz range, were applied to study
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the nonlinear resonance of the columns. The vibration tests of constant input acceleration levels from 50
to 500 Gal were carried out to obtain column motion and impact response as function of the acceleration
levels. To estimate column damping, the shaking table was arrested abruptly and the damping factor was

obtained from the free vibration column displacement decay.
7.3 Results and discussions

7.3.1 Displacement characteristics

(1) Vibration mode and distribution of side reflector reaction force along column

The vibration modes are classified into two categories, i. e. the low and high frequency ranges. In a
low frequency range, where the primary vibration mode of the colummn is dominant, columns vibrate
together and the reflector reaction forces are larger at the top layer of the column. Figure 7.4 shows an
example of the column displacements and reflector reaction forces at a low excitation frequency. At the
low excitation frequency, the core oscillates as a tightly lumped mass between the side reflector bundaries.
The core lumping increases with increasing excitation frequency. At still higher frequency the core
[umping rapidly decreases. At an high frequency range subharmonic vibration of the column was observed
and each column vibrates in random collision with adjacent columns (see Fig. 7.6) . The reflector reaction

forces and block displacements are large at around two—thirds of the column length.
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(2) Effect of acceleration level on column displacement

Figure 7.5 shows the column displacements versus excitation freavency as function of input
acceleration levels. The curves are characteristics of the behavior a nonlinear and discontinuous structure
such as the core vertical section tested. At a certain frequency, sudden drop—off in response occurs. This
is clearly illustrated in the figure. With an increase in excitation level, the column displacements increase.
It is seen that with an increase of the input accelerations, the frequency for rapid drop of the column
displacements, i. e. the jump—down frequency shifts to an higher frequency.

(3) Effect of support stiffness on column displacement

Figure 7.6 shows effects of hard and soft support of the support structure on the column dis-
placements. It is seen that with a decrease of the reflector side support stiffness, the column displacements
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displacements increase. The soft spring support results in large desplacements which affect the insertion
of control rods.

(4) Effect of gas pressure difference stmulation spring on column displacement

Figure 7.7 shows the column displcements with and without a spring simulating a gas pressure
difference. Tt is seen that the jump—down frequency for the column displacements are higher with the
spring than without it. The column displacements are also small with the spring. The above is due to an
increase in the frictional force between the upper and lower blocks caused by compressive force of the
spring.

(5) Comparion of column displacement between core periphery and core center

The column displacements are shown in Fig. 7.8, between the core periphery and the center. The
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column displacements as shown in the figure, vary depending on both the position relative to the boundary
and excitation frequency. The column displacements are larger in the core center than in the core
periphery. It is seen that the column moves between two outermost columns. This makes sense since the
outermost colummn travels only a short distance in the opposite direction to the rest of the core (the side
reflector column} .

(6) Effect of gap width between column top blocks on column displacement

Figure 7.9 shows the displacements of the column top block versus excitation frequency, comparing
0.5 mm (standard case) and 2 mm of gap width between the column top blocks. It is seen that with
decreasing gap width of the column top blocks, the column displacements decrease.

(7) Column damping factor

Overall column damping factors were obtained by sudden arrest of the shaking table motion
(sinusoidal excitation) and the recording of the column amplitude decay motions. The displacements are
observed to decay to less than measurable values after only several cycles following the apparatus
shutdown. It is difficult to estimate the column damping expressed as equivalent viscous damping from the
column displacement decay motions, It was estimated that the column damping factors are 4~10% of
critical. The damping factor increases with increasing displacements. It this case the column displacements
measured were small, so the damping factors are small.

(8) Contact duration

For the seismic simulation analysis of a HTGR core behavior including impacts, it is necessary to
know the contact duration. The contact duration was measured using two blocks pendulum collision tests.
The values are 0.60~0.65 milli-seconds when impact velocities are 10 to 200 cm/s. However, the actual
contact duration for blocks in the core must be measured and the average value is to be introduced in
simulation analysis. Therefore, the contact duration was estimated from the measured acceleration wave
form of an impact between adjacent blocks. Under the experimental conditions (such as impact velocities

10~15 em/s) , the contact durations are 1~2 milli-seconds.

7.3.2 Impact characteristics
(1) Effect of input acceleration level on impact reaction force
Figure 7.10 shows the impact reaction forces as function of input acceleration levels for excitation

frequency. It is seen that the impact reaction force increases with an increase of the input acceleration
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levels. The resonant frequency is strongly excitation level dependent and shifts to high frequency with an
increase of the input acceleration levels. These characteristics are typical of a nonlinear hardening spring
mass system.

(2) Effect of support stiffness on impact reaction force

The effects of the reflector support stiffness on the impact reaction forces are shown in Fig. 7.11,
comparing the hard spring support and the soft support. In the hard spring support, the impact reaction
forces are larger than in the soft support and the resonant frequency shifts to a higher level. The soft
spring support of the fixed side reflector block reduces the impact forces, but the large reflector
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displacements result in a large core displacement. A core design with the soft spring support is therefore

not favorable for control rod insertion during seismic disturbance.

(3) Effect of gas pressure difference simulation spring on impact reaction force

Figure 7.12 shows the impact reaction forces of columns with and without a gas pressure difference

simulating spring. The spring forces were chosen equivalent to a core gas pressure difference of 0.05 MPa.

In the figure, it is seen that the boundary reaction forces with the column spring are lower than

without it. The above is due to the increase in friction force between the upper and lower blocks cused by

the compressive force of the column spring. Since force caused by a gas pressure difference reduces the

impact forces and the core displacements, the gas pressure difference favorably affects the core vibration
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charactersitics.

(4) Effect of gap width between top blocks on impact reaction force

Figire 7.13 shows the impact reaction forces of the column top block versus excitation frequency,
comparing 0.5 mm and 2 mm of gap width between the column top blocks. It is seen that with a amall gap
width between the column top blocks, the impact reaction forces decrease. Since a small gap width of the
column top blocks reduces the core desplacements and the impact forces, the choice of a small gap width
favourably affects the core aseismic design.

(5) Relationship between impact acceleration and impact reaction force

Figure 7.14 shows relation between the impact accelerations and impact reaction forces. It is seen
that the impact acceleration and the impact reaction force have the same tendency with varying excitation
frequency.

(6) Comparison of impact acceleration between core periphery and core center

The impact accelerations are shown in Fig . 7.15, between the core priphery and the core center
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comparatively. The impact forces, as shown in the figure, vary with both the positions in the core and
excitation frequency. The impact forces are larger at core periphery than in core center. This causes core

lumping which are larger at core periphery than in core center.

7.3.3 Dowel force

Since stresses of dowel pins and dowel holes are often most critical in a fuel block design under
seismic load, it is important to obtain imformation for the dowel forces by experiment and/or analysis.
The dowel forces were obtained from the vibration tests. The following are the results.

(1) Effect of input acceleration level on dowel force

The dowel forces versus excitation frequency as function of input acceleration levels are shown in
Fig. 7.16. With an increase in excitation levels, dowel forces increase. It is seen that with the increase of
the input accelerations, the resonant frequency of the dowel forces shifts to a higher values. This is caused
by the hard spring characteristics of the dowel pins.

(2) Effect of support stiffness on dowel force

Effects of the reflector support stiffness on the dowel forces are shown in Fig. 7.17, comparing the
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intermediate spring support and the soft support. The figure illustrates that the dowel forces for the soft
spring support are smaller than that for the intermediate support, since the columns are bent more with
the soft support than with the hard support.

7.3.4 Random wave response

Maximum values of impact reaction forces from the E1 Centro earthquake, Ibaraki earthquake and
white noise wave are given in Fig. 7.18, comparing with sinusoidal wave response values. These values
represent the overall maximum for the indicated locations regardless of the time at which the maximum
occurred. There is no impact at the low input acceleration level, so the impact forces are zero. Beyond a
certain input acceleration level, there occurs an impact. The impact forces then increase almost
proportionally with the input acceleration. The maximum impact forces for random waves are under 609

of that for sinusoidal waves.
7.4 Concluding remarks

An experimental study has been carried out with a two—dimensiconal core model which is a vertical
silce along the axis of the experimental HTGR core. The forced vibration tests of a half scale model were
performed by using a shaking table to obtain such dynamic properties as frequency response of the column
displacements, the impact reaction forces and the dowel forces, vibration modes of core, accounting for
effects of a gas pressure defference simulation spring, the reflector side support stiffness, and the column
top gap width. '

The more important experimental results and conclusions are the following.

(1) The column resonance curve shows typical nonlinear hardening characteristics. The resonant

frequency increases with an increase of input acceleration and is strongly amplitude dependent.

(2) The column displacements and impact reaction forces increase with an increase of the input

acceleration level.
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reflector bondaries. The core lumping increases with increasing excitation frequency. At still
higher frequency the core lumping rapidly decreases and subharmonic vibration occurs.

(4) The soft spring support of side reflector support structure causes large column displacements
affecting the insertion of control rods. The soft spring support slightly reduces impact reaction
forces but increases dowel forces. The resonant frequeucy decreases with a decrease of support
stiffness.

{5) The column displacements at resonmance are snaller with a spring simulating gas pressure
difference than without one. The impact forces are also smaller with the spring than that
without it.

(6) The column displacements are larger in the core center than in the core periphery. The impact
accelerations(forces) in the center are smaller than in the periphery.

{7) The column damping factors are estimated to be 4~109% of the critical damping factor.

(8) The maximum impact forces for random waves are below 60% that for sinumoidal waves.
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8. Seismic Analysis Method for a Two-dimensional
Vertical HTGR Core

8.1 Introduction

An analytical method presented in this Chapter has taken into account the complex nonlinear
vibration associated with multiple impacts and, addition, frictional forces between the block interfaces and
between the dowel pins and their mating holes are also accounted for. The method is applied to a column
of blocks and the results obtained from the analysis are compared to results obtained from experiments.
In a real core, the blocks and columns extend three—dimensionally. In the present study, the following two
—dimensional model is considered:

(1) each block is modeled as a rigid body,

{2) each block has three degrees—of—freedom; two translational displacements and rotational around
the block center of gravity,

(3) impact forces are represented by a spring and dashpot model located at impact points of each
block, "

(4) dowels are represented as deformable members and slipping of interfaces between dowel pins and
holes is allowed, and

(5) friction forces are calculated at the horizontal interfaces between blocks.

8.2 Calculation equation

8.2.1 Equation of governing motion

The forces involved in the analysis of multiple columns of the HTGR core constrained within
boundaries are as shown in Fig. 8.1.

Let the coordinate system be chosen as shown in Fig. 8.2. Each block has two translational
coordinates, u and w, and one rotational coordinate 8. Figure 8.3 shows the forces that act upon an
individual block. The equations of motion for the block (k,£), (the £-th row block in the k-th colummn)

may be written as:

Tl oML, pNL, pBL . pTR MR pNR_| pBR

My gl g = Fif Py T Fy+ Foy— Fiyp T Fep ~Fig +Fig
- F F DI DR DL -aDR oP
St Fog ot Fy By B T Fopat Fg

+Cltts s (8.1)
My Wi = Fep+FL + FR  AuFof~uFY
+f‘Fkl,)éL+| +#F£EQ+1 + Wk(.j€+ Wifg , (3.2)

LiBhe =MFIE)+ M(FYRY = M(FY]) = M(FZ) ~ M(Fop
+ M(FYR) -+ MUELRY + MUFED) + M(FL) + M(F{;1.1)
- M(EPP)+ M(FERY+ MOFEF )+ MOFCE ) + MOFSD)
+ MOFRY+ M(EE )+ MBS )+ M FSE + MURD)
+M(ERE )+ MRS )~ MW+ MW | (8.3)

where, M(F) are moments caused by the force F. W* and Wt are the forces due to block weights and

pressure differentials acting at the upper and lower parts of the block.
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Fig. 8.2 Impact model and forces acting on a fuel block
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Fig. 8.3  Various blocks impact pattern

8.2.2 Eriction force between blocks and its associated moment

79

The friction force due to surface sliding is represented by a nonlinear Coulomb element. The

F

equations for the friction force Fy; and its associated moment M(F{,) acting on the block (k,£), are as

follows. Defining a, ; as (&4 &y 4+1), then when ¢, , >0

Fiy= = sign () F(vie) } 84)
MUEL) = Fify(— i o0088, ,— by psind, ), '

and for the block (kZ—1)

Fl,o —=sign(ve ) F(vig), } (8.5)
M(FL, D=Ff ((—hyyoic088,p = byg_ssind, ),
where
Vg = (s (P gCOSB s+ by SINO, )6 o} .
— {tg g~ (P 1€080, g —bypoysindi, D01} (8.6)
For /=1
V1= i‘:k,l — (A c086,,+ bk,]Singk,l)gk,I - uo ; (8.7)

where u, ; and l.tklg are the horizontal displacement and velocity of the center of gravity of the block (k,

£), respectively li is the horizontal velocity of the support floor.



&80 Seismic Study on High Temperature Gas—-Cooled Reacter Core JAERI 1322

If sign (a;,;) =0, then

Fly=—sign(v, ) F(vg,) s (8.8)
M( Fk),rg) =F :ff( —hy 0080, 5+ by gsindy )

and for the block (k,£-1)

Fiio =sign(v, ) F(vip)

F _F ‘ . (8.9
M(F. ;)= Fyy (0088t by-isint ),
where
vk,JZ: {z;u—(hk,ECOSBkJE*bk,gsinﬁk,g)ﬁkgf} ]
- {uu,l - (hk,ff ICOSQ&€_1+ bk’ﬁsinﬁu,l)ﬁkggﬂ} . (8 IO)
For =1
Vk,1:i‘k,li(hk,lcosgk,l_bk,ls-inek,l)gk,l—'7"‘0 ; (8.11)

where 1, the horizontal velocity of the support floor. F(u,;) ts a prescribed function for the friction
characterics which is related to the vertical contact force and the coefficients of both dynamic and statical

frictions.
F(ve) = F& lu+flv ) + Fvi) A0, (8.12)

and the functions f{v., vis; Vi) are related to the kinematic coefficient of friction z,. The vertical
contact forces are obtained by summing the block weights m, ;g and the differential pressure of a unit
block length, F7,.

F& =3 m g+ Fiy. (8.13)
=&

8.2.3 Vertical impact force and its associated moment
The forces acting on the interface between the block (k.£) and the block (k£—1) as a results of
impact are derived in term of deformation of each spring dashpot unit, When the gap is closing, the spring

deformation of 7, , and its time rate 7, are

1 .
Tk,f.:j{wk,gfl* Brp—y(1—cos8y; 1) —aysindy, 1}
*%{Wk’f*hk‘f(l_COSGk,E)_ak_gSingkg}, (814)

. 1 .. . -
Tie ™o {Wk,gf = (g p—18INGy 4+ ,C0SO; ; 1Yis o

1,- . .
— 5 {wk,.E -+ (hk,ﬁSIDQM - ﬂk,gcosgk!'g)gklf} . (8 ].5)
For =1
1 .
rk:,g:E[wo— {wi o Ry (1 —cosby ) — aygsind gt 1, (8.16)
. 1 - N . M
Tei ™ [wy— {Wk,;z + (P gsindy o — ak,écosgk,é)ek,ﬁ} 1, (8.17)

where w, and fvo are vertical displacement and velocity of the support floor, respectively. The vertical
impact forces F'f (or F/'}) and its associated moments M(FE) (or M(F/])) acting on the block (k1)
are as follows.

If 7, . >0
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Fk’,/fR: —Kkl‘/)g?’k:f_ckt/ﬁ?:klg El ] (8 18)
M(F_[fﬁR) = _FkﬁZR(h‘k,ESin‘gk,Ei aucosgu) . ’
For the block (k£—1)
R =Ky Com } (8.19)
M(Fki./.z(—].) :Fg—l(hu— 18Ny ag 080, p-1)
When 7, ;<0
F=F{,~0, (8.20)

M(F})=M(F{},)=0.

Where K, ; and C;; are the vertical spring and damping coefficients, respectively, for a single unit. In the

more general formulation, these quantities may be represented by a polynominal function.

K= 2 Kﬁ,gﬂ}’;,fz :
~ (8.21)

m
_ ¥V o
Cig= 2 Crpy¥is -
j=0

8.2.4 Horizontal impact force and its associated moment between columns

The forces acting on the block (k,0) as a result of impact on the adjacent column’s blocks are derived
by deformations of the spring dashpot units which are located on the upper, middle and lower, and right
and left-hand corners,

{1) Impact on the upper right-hand corner

During impact against an adjacent block on the upper-right hand corner, the spring deformation ¢,

and its time rate £, , of the block (k£) are

Ife,, >0
Epp= g (i gSINGy ;— by (1— €080 )} —upr 1
A2 )y SINGy 1T B g (1= €088k 4y g} — Oy (8.22)
Erg— Ug ™ (M 0088, o — by ySING, )01 — g p 4y
- {(l—ZA&E)hk,A i COS€k+1,E+ bk,wsingkﬂjg} 9k+1,£‘ . (823)

where 4, ; is of the following form as shown in Fig. 8.4
G :Zfif_z_i )
YLy 2y,
U is the adjacent block displacement at the contact point and 0 ,fg is the gap between the block (k.£)
and block (k+1,£). The impact force Fk{f and its associated moment M(Fk?) acting on the block (k.2)
are as follows.
iIfe ;>0

(8.24)

FlR=— (Kl + Clé ] (8.25)

M(TL) = Fif (hy 0080, — bgsinbs)
where Kff and ijg are the boundary spring and damping coefficients, respectively and may be

represented in the following general form.

K& =Ktk -
0 (8.26)

nt
B _ B i
Coe= 2 Ciote -
=0
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Fig. 8.4 Side reflector block model

(2) Impact on the upper-middle right-hand corner

Similarly, £, , and & kg are

Ere= o+ (124 )y sinby,— by (1 —cosi ) — e g

- {hk—l,f Sinfpy 10— bie 1 p(1—COSHLy el —0ks s (8.27)
é kot = U+ {(1=27, ) by pcosBy o — by s8I0l k,ﬁ} Qk.,é'
— a1 (R COSOy 1 T By p8ING, 1000410 5 (8.28)
_72_,,* ZE:
= (8.29)

If £, , >0, the force and moment are

MR__ B B
Fr=—(Kigere™ Cig€re) »

8.30
M(F&R):Ff:iR{(l_ZAk,ﬁ)hk_gCOSgk'E*bk’ESingklg}. ( )
{3) Impact on the lower-middle right—hand corner
&, and ék,g are
g~ et W12 ) Iy sinG y— by (1— costi o)) — iy
= P o8inGpy g T by (1 —costy, 1)) —Org s (8.31)
Eip =ty o~ 11— 204 ) iy COSO, — by pSING g} B p— g1
(P10 €Oy by 1 SINGt ) )1 (8.32)
_ Zrtizlfb
’Ik,f_ Z, - Zrb ' (833)
If e, ;> 0, the force and moment are
FNRL_ KB ,—.CB. f)
k¢ (KigEreT Cirre) » (8.34)

M(F:é?) = FNzR {(1—24, )y gcoSBy  + by psindy ) -
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(4) Impact on the lower right—hand corner

£, and g, , are

Erg™ U+ L Py sindy e — by (1 — cosy ) — 1
{12 )y p8iNGpy 1 by (1 —COSO,, L)}
—Oke .

Erp =ty {— i COSFy = by SN g} Oy p— iy
—{(1 =22 e 1,2C0S0, T hir g sinfy, 1_.12} é"k+ 16+

A :7_Zflizrb
x Zy—Zyy

e >0, the force and moment are

o= — (Kot Clery)
M(FEy=—FE(hy ycosb, .+ by sindyg) -

(5) Impact on the upper left-hand corner

&c and £, , are

Cre = Ui 107+ {(1 =24 ) by psinGy— s o= iy (1 —COSO, Lot
— 1t (P Sing g+ by (1 —cosBy )t =64 g -

ék.e:?v.ik—uﬁf {(1_2}~k,e)hk—1.g0039k.—1,£“bk 1,@Siﬂ9k—1,£}ék—1,;2
—thy g (B COSOy by SINGL By

A ﬂzfzii Zﬂt
ke Zr:_ Zrb
If £, ;> 0, the force and moment are

Fk?:Kffgk,€+Cff£ék,E ; }
M(F[)=F[}(h;cos0, = by psindyg) -

(6) Tmpact on the upper-middle left—hand corner

Ek,JZ and Ek,f are

Eig=Up—10 7T {hy_y psindy s — by (1 —cos0y o))
Mg {(1—27, ) iy sin€yy g+ by 1 (1 —costy_ o)t
_5161,5 s .

Erp= U 1+ (M 1,4COS0 1 s~ b 15810011 )0k
s (128, )c0sO, s+ by pSindy ) By

P ZEsi Zrz

ke .

) Z.Eti Z!Zb

If €, , >0, the force and moment are

FP=Kei st Clf e }
M(Fﬁﬁ) :Fkﬁ-ﬂ{(l _22'1(_@) hk,ﬂ COSQ&_‘Q‘I‘ bk’gsiﬂgkyg} .

(7) Impact on the lower-middle left-hand corner

£;¢ and g, are

Epg— Up—107 {—hy_ysind 1,£_bk71.£(1*C059k—1,ﬁ)}
*uu,+ {(1 _Zﬂ.klg)hk‘gsingk’_g*bk’f(l_cosgkg)}

i

(8.35)

(8.36)

(8.37)

(8.38)

(8.39)

(8.40)

(8.41)

(8.42)

(8.43)

(8.44)

(8.45)

(8.46)

(8.47)
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Ere=Up—14— (M1 €080 g o+ by 1 gSinGy 1 )0, 14

— 2+ (1225 ) by COSBy o — by SING, g} O 4 (8.48)
- Zy— 2L,
Apg= . = 8.49
k£ Z,er_ Zéb ( )
If £, ,7>0, the force and moment are
FP=Kent+ Cliérg } (8.50)
M(FP) = FiT {12450 by 0086, + by iy g} '
(8) Impact on the lower left—hand corner
&;¢ and ék,z are
€0 = 10T (1= 22 ) pSING, 15— by (1 —cOS, )]
— g — {hySInG by (1 —cosby )
—8y 14 (8.51)
g =ty 10 1(L 27, Yy gC0SE, 1 g by ySinG 180 B0 .
_T:lk‘_.z*(hk‘gCOSQR’E“v’bk‘fsin@kﬁ)gkﬂ , (8.52)
_ er_ Zsy
Ae=7 —7 (8.53)
Ife, ;>0
FfEZ*Kgffk,f‘cffEu ] (8.54)
M(F, kz,;.é )= Fgf(hy 088, ,— by psinfy ) . -
{9) No-impact case
When g,,<0
e )
Flb=FMl=pN-— pFt—q,
ke Py eE = i (8.55)

M(FIF)y=M(FYh=M(F D) =M(F) =0,
M(FIR) = M(F/7y = M(FI[) = M(FZ)H =0.

8.2.5 Horizontal impact force and its associated moment between column and side
reflector
The forces acting on the block of the m—th column and the first column as a result of impact on the
adjacent reflector blocks are derived by deformations of the springs dashpot units which are located on the
upper and lower, right and left corners (see Fig. 8.4).
(1) Impact on the upper right-hand corner of the #—th block in the m—th column
During impact against the adjacent reflector block on the upper right-hand corner, the spring

deformation €, ; and its time rate ém,l,j of the block (m.£} are

Emp= Uy ot Hyesing,, . — b, (1—cosf, )}

T lpag Oy s (8.56)

£y =ttt (B COSB, g — by SING V g o (8.57)
Uyt and i, -, are the adjacent block displacements of the right reflector column and its velocity at the
contact point, respectively. &, is the gap between the block (m.£) and the reflector block. The impact
force F,,{’é and its associated moment M(F,;ﬁ__"é) acting on the block (m,£) are as follows.

Ife,,, >0,

-
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TR __ B B
Fm..e - (Km,fgm,£+ Cm,EEm.!Z) ’

8.58
M(F ) = Fp (B g COS8,, g — by 181G, ) (539
(2) Impact on the lower right-hand corner of the ¢-th block in the m—th column
&, and ém,E are
Ems™— um,f o {hm,ﬁ. Singm.£+ bmﬁ(l - COSQm,E)} - unn+2_€#6m,n€ ' (859)
E ™™ g — (P €080, 5 by 1 SING,, 06— U (8.60)
It £, ; >0, the force and moment are
Fﬁ%;*(&gafm,g+cﬁfém,f ; (8.61)
M(F,E‘E-) - Fff);(hm,ﬁ COS@m.JZ + bm,ﬁ Singm,ﬁ) . '
(3) Impact on the upper left-hand corner of the {—th block in the first column
&y and él,f are
£10=—th,— {Aygsind ;+ by (1 —cosd; )}
Tl O (8.62)
EI,E = — l'i]!f - (hl,ECOSQI,E+ bl,E Singl,,&)ﬁl,f;ﬂgﬂn‘k L - (863)

Uy and u,, | are the adjacent block displacements of the left reflector column and its velocity at the
contact point, respectively. d, ; is the gap between the block (1,£) and the reflector block.

If e, , >0, the force and moment are

TL_ B B
F =K+ Clpeqyg s

8.64
M(Ey=F1j(h cost 4+ by gsing, ) . (8:64)
(4) Impact on the lower left-hand corner of the £-th block in the first column
g and ém are
El,ﬁ :_ul,ﬁ + {h]gﬁ S‘lngll_\g* b]_‘ﬁ( 1— COS@I,E)}
+ um_*_l‘gidl‘f . . (865)
g15= T (hyyco88; by sing, )G g+ tims1 g - {8.66)
Ife, ,>0, the force and moment are
Flr=Kle, o+ Cltry } (8.67)
M(F[) = — Fl}(hy ;c080, ;— by gsind, ) .
(5) No—impact case
When 51.12:{3”1!)2:0
FIA= F3 = Flf— FE o, | 5o
M(F%) = M(F)%) = M(F)) = M(FED) =0. ‘

8.2.6 Dowel force in the horizontal direction and its associated moment
The dowel forces in the horizontal direction are derived by the contact condition between dowel pins
and mating holes. When a dowel pin and its mating hole are in contact, the dowel spring deformation S, ,

and its time rate 5, ; of the (k,£) block interface are

Bis= {uk,f—l +hyp o 8inGy . 1~ dyg1(1—cosby; )
- {uk,g—hk,g Sin@k‘gfdk)g(licoseklg)} :(SRJ_ . (8.69)
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Bry=tp 1 (B 1COSG o —dp g 1SING )01

- {f:!k’gf (hk,.(:: COSgk‘£+dkﬁ Sin@kyf)é'k_ﬁ} . (870)

For (=1
Bin=uy— {1 — By 8infy, — dy (1= costy )} + 0z (8.71)
Bri=u— {“k,w _(hk,lcosgk,l+dk,15in9k,i)9kjl}! (8.72)

where 6, and &§; are the gaps between dowel pin and hole on the right and left, respectively. The dowel
force Ff and its associated moment M(FJF) in the horizontal direction acting on the right-hand dowel

are as follows. If £, ;>0 on the right gap and 5, ,<0 on the left gap

FJ?;{:KSEBA:.E_._ Cﬁﬁ”ﬁk,ﬂ ; } (8.73)
M(FEY = — Fof (b ycosty+ dygsinfy,) '

for the block (k£—1)

FOR ==K 5B~ CliBre » } (8.74)
M(FER Y=FF (o icosf,, - —dygsindy 1) .

If 5,.:<<0 on the right gap and 3,0 on the left gap

FER= FE =0,
DR o DR (8.7%)
M(F )= M(Fg—) =0,
where K2, and Ck‘?g are the dowel spring and damping coefficients, respectively and may be represented
in the following generalized form.
K;fg: ;Kk{)EJB}{,E ;
0 (8.76)
Co=2Cy 8k -
j~0
Similarly, the dowel forces F2% and its associated moments M(FZ}) in the horizontal direction acting on

the (k,£} left-hand dowel are the same as in equations (8.73) through (8.76) above.

8.2.7 Dowel friction force in the vertical direction and its associated moment
The dowel friction forces in the vertical direction are derived from the dowel forces and the friction
factor. When dowel pin and mating hole are in sliding contact, the relative velocity between pin and hole

on the block (k. £) interface is

Wy = Wi (hysSINGy,— di OO0 g i
—{wgs 1 (g SinBy T dyy c088c— 1 )ig—1)s (8.77)

For =1
Wy = Wi, + (18I0, — di,c086, )6y, — Wy - (8.78)

The dowel friction force on the right~hand dowel in the vertical direction uFff and its associated moment

M(uFLYY for the block (k.£) are as follows.

pFoR=—sign(wy ) = | Fof b = fu)

. 8.79)
M(quff) = *uFEf(hk,f sinfly; —dy c08 ) (

for the block (k.f—1)
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FDR_ e w . } FDR . ,
pFp g =sign(wyg) k£ S } (8.80)

M(!A‘F:?@Rf]) = _#F&R-- 1 —hyp—1Sinfgp 1 —dy ;OS8O 1) s

where f{12) is function of both statical and dynamical friction factors. Similarly, the friction force qu‘? QL
on the left-hand side and its moment M(uF{F) are as follows.
For the block {k,£)

nFPp=—sign(wy) + | Fig |+ flw), } (8.81)
M(uFf) = —u Bl (b sinby , +dygcoshy ) |

for the block (k.£—1)

uF =sign(we) | B 2 S
M(MthéL- )= 7MFI?J§‘L—1(_hk,€7151n9k£71+dk,.{fcosgk‘f—I) )

(8.82)

8.2.8 Moment due to block weight and pressure difference
The moments acting on the block as a result of the block weight and pressure difference are as

follows;
Ifa,. >0 .

M(W ) = Wii(hySingy g+ by ;cos8yg) - (8.84)
If a; ;=0

M(WE)y =W sind,, . (8.85)
Ifa,;. ;<0

MWD =W (hy,Sinfy;— by cosb,) (8.86)
where

LV;}—EélluiﬁJ—-fﬁz.. (8.87)

When j=n, M=(W,,)=0. Similarly, if @, ;>0

M(WE) =W (hy,sind, ;— by ;c086, ) . (8.88)
If e, ;=0

M(WE)=WEh  sing,, -
If o, <0

M(W) =Wy hepsinby,— by ;0080,0) (8.89)
where

Wi = iiWk,ﬁJ+Fifﬁ : (8.90)

p

8.2.9 Restraint force between top orifice blocks
The top blocks of columns restrain each other regionally as shown in Fig. 8.1. The restraint force F,ff

is

FO =Ko (o=t — KD g = 1) : (8.91)
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where Kff is the spring constant of the tie plate between the block (k+1,£) and the block (k,£).

8.2.10 Equation of motion for side reflector block
Eack reflector block has one translational coordinate u. For the reflector block on the right-hand

side, the equation of motion is

Pyyiy s = Fsa s FR‘fz,f.—l+Fi§+Fﬂf+Fﬁ*Ff§+ Y, (8.92)

m

where F,ffw is the friction force between block surfaces. F* is the force of the core restraint mechanism.

M. M M .:'
Fip=K;V, - C3%,,
l?’i,é TUH, T Up s

Wr’,ézt“!o4ui.12 ) (8.93)

m
M_ Moo )
Ky=2K %/,

i-0

K .
M__ M i
Cii= z C:’,Ejll D
=0

(i=m—1, m=2).
The friction force acting on the £—th row reflector block is as follows.

Fl'=—sign(v) F(v,0),

Vig =T Uip T Uig- s

F(v,5) = Foy s+ f(vi) ~F0i) RV
(i=m+1, m+2),

(8.94)

and for the (£—1)th row reflector block

FiyZy=sign(vi) F(veg) (8.95)
velocity v;, for £=1

Yn = 1":‘1 - T:‘o -
Similarly, for the reflector block on the left-hand side, the equation of motion is

m, --I,Jéﬁm—l,ﬁ;FnI}fl.E+F££1.£+l +FE,:;L+F1§L+Fl‘}L+FszL-+Fﬁ . (8.96)

8.2.11 Equaticn of motion for core support block
The core support block has one translational coordinate u. For the core support block, the equation

of motion is
mgiis= F3™* + F{ L FY (8.97)
where Fi™%, F{ and F[ are the side support forces, dowel forces and friction forces, respectively.

FMR— KMy 2cMT
Uy =u—u,, (8.98)
ml,l = t'."si I-‘o L

F= D (FF-FD (8.99)

k=1

m 2
R SRS (8100
ko1 k=1
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8.3 Results and discussions

The governing equations given in section 8.2 can be numerically solved by using the Runge-Kutta
integration schemes. The geometry data and mass of the blocks (shown in Table 8.1) are such that the
system analyzed corresponds to the experimental HTGR fuel column with dimension scaled by 1/2 and
weight scaled by 1/4. The computation time interval was 0.05 milliseconds. The numerical results are
compared with experimental results.

Figure 8.5 shows displacement of fuel blocks and side reflectors motion at 3.0 Hz frequency
sinusoidal, peak acceleration 250 Gal, uni—axial excitation. The lumpimg motion is observed in the figure

as illustrated in the previous section 7.3.

8.3.1 Effect of input acceleration level

Figure 8.6 shows the displacements of analysis and experiment as function of the input acceleration
levels for harmonic excitation. In the figure, it can be seen that the analytical results are in good agreement
with the experimental results at input acceleration 100 and 500 Gal, but not at for 250 Gal. At 250 Gal
level excitation, the analytical results are lower than the experimental ones, especially at excitation
frequencies between 3 and 6 Hz. This frequency region is considered to be an unstable one. Concerning
with unstable frequency, Fig. 8.7 shows the resonance curves comparing sweep—up with sweep-down.

The sweep—down response is also presented in Fig. 8.7 to verify the nonlinear behavior of the multiple
celumn vibration. As illustréted, the limit frequency for lumping in the down sweep was slightly lower
than in the up sweep, defining an unstable region.

The fact that the sweep—down frequency is lower than the sweep-up frequancy indicates that the
system exhibits a nonlinear spring effect, which means that the response curve shows a hysterisis
characteristic. In the unstable region, the analytical values of response displacements are slightly different

from the experimental ones.

Table 8.1 Calculation data

Column
Item Reflector column
Block Nos, 1~12 Top block
Block rocking spring half width a (m) 2.5% 1072 2.5%10 * -
Block geometric half width b (m) 125X 1077 7.25% 1072 -
Damping coefficient of horizontal impact C? (kN - s/m) 7.85 7.83 i 7.85%
Damping coefficient of displacement detector C° (kN «s/m) 0.0 i 0.0 -
Damping coefficient of dowel pin C® (kN +s/m) 5.1 5.1 -
Damping coefficient of restraint structure M (kN = s/m) — - 1.96x 1072
Damping coefficient of vertical block impact CY (kN s/m) 9.81 ‘ 9.81 —
Distance of dowel from block center line d (m) 52%x10 *° 52x107% -
Block half height h (m) I 14.25x1072 14.25x1077 14251077
C(107x107Y) (10.7X107%)  © (10.7x107%
Block mass moment of inertia 1 (kN »m) 9.063107° 1761072 -
(2.96% 1077 (6,08 107)

- Spring constant of horizontal impact K® (kKN/m) 1.24x 10 1.24%10° 1.24x10*
Spring constant of dowel pin KP {kN/m) 1.23x 10 1.23x 10 —
Spring constant of top block restraint K (kN/m} - — 8.3x 10°
Spring constant of vertical block impact KY (kN/m} 2.45% 10 2.45x10% -
Block mass m (kg) 191 15.4 w 52.8

(14.3) . (10.2) , (39.0)
Gap between column & (mm) 2.0x107° 5.0%107* -
Gap between dowel pin and hole 8, 6 (mm) 50x10* 50x107* 5.0x107*
Coefficient of friction My Mg (—) 0.2 0.2 0.2

{ () means short length block, | kN=102 kgf, 1 kN/m=102 kgf/cm)
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Fig. 8.6 Effect of input acceleration on displacement
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Fig. 8.8 Effect of input acceleration on impact reaction force

Figure 8.8 shows comparison between the experiment and analysis of the boundary reaction forces as
function of input acceleration levels for harmonic excitation. The correlation is good for the lower
reaction forces, but less satisfasctory for a strong reaction force.

Tt is seen that resonant frequency is strongly amplitude dependent and increases with an increase in
excitation level.

The system exhibits a spring hardeing effect, which means that the jump frequency will increase with

an increase in input acceleration level.

8.3.2 impact reaction force along the column
Figure 8.9 shows distributions of the impact reaction forces along the column and compares the
analytical and experimental results. The analytical results show a favorable correlation with the results of

the experiments.

8.3.3 Effect of side reflector support stiffness

The displacement response characteristics of three kinds of the side support stiffness, (hard,
intermediate and soft spring support) are shown in Fig. 8.10. These spring constants are shown in Table
8.2. At low excitation frequency, maximun column displacements decrease with increasing the side
support stiffness, while the opposite is observed at high excitation frequency. In the figure, it can be seen
that the analytical results are in good agreement with the experimental ones. The harder the side support
stiffness, becomes the smaller colmn displacements.

Figure 8.11 shows the impact reaction force characteristics comparing analysis and experiment with
the side support stiffness as parameters. The hard support stiffness is found to given a large impact force
in comparison with the soft or intermediate stiffness. At low excitation frequency, a side support with the
intermediate stiffness affords a smaller impact force than with the soft support. In the figure, it can be

seen that the analytical results are in fairly good agreement with the experimental ones.
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Table 8.2 Spring constant of side support structure

Spring constant (kN/m}

Support spring

Reflector block | Support plate
Hard 1 8134 5880
Intermediate i 588 725
) 0<C5=1.1 392 39.2
Displacement

Soft 1.1<§=55 784 784
(cm)

i 8235 8134 5880

(1 kN/m=1.02 kgf/cm)

14 1 T T I T 1
Max. input acceleration 250 Gal
12k No — column spring ]
Block (13,8
=
~ bk Suppart Experiment| Analysis | _|
@ Hard o
° Intermediate | ———— X
<= 8t Soft —_— fal i
=
2
iz}
g °r i
I
g af 1
E
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O |
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TkN=102 kgf

Fig. 8.11 Effect of support stiffness on impact reaction force

8.3.4 Dowel force

It is important to evaluate stresses of dowel pins and holes since the dowel pins and holes are often
the weakest part of a fuel block in the structural design for seismic load, In the experiment, measurements
of dowel forces were made,

The curves in Fig. 8.12 illustrate that the block dowel force frequancy response is compared for the
ana]ytical and experimental values. The analytical values show a favorable correlation with the ex-

perimental ones.
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Fig. 8.12 Dowel force

8.4 Concluding remarks

A seismic analysis method for the block columns of the HTGR core has been developed. The
calculation equations and numerical results have been presented and were compared with the results of the
experiments. The following conclusions have been drawn:

(1) The analytical results were compared with the experimental data for horizontal forced vibration
of the series of many interacting stacked columns. Good agreement was obtained between the analytical
and experimantal results.

(2) Using this method, the forces in the dowel pins and around holes can be computed. The dowel
pin forces from analysis were compared with the experimental data. The analytical values were in good

agreement with the experimental ones.
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9. Seismic Response of a Two—-dimensional
Horizontal HTGR Core

9.1 Introduction

In order to obtain the dynamic behavior of the HTGR core in a three-dimensional space under
seismic disturbance, it is advisable to carry out a seismic test of a three—dimensional model. Howerver,
seismic tests of the three-dimensional model take tremendous cost. It is difficult to measure displacements
of the fuel blocks in the core in the excitation tests. For this reason, it is desirable to predict a real core
dynamic behavior from two—dimensional core model tests. For this purpose the following seismic tests of
the two core models were performed: a model seismic test of two—dimensional vertical slice core and a
model seismic test of the two—dimensional horizontal slice core.

Olsen et al.** made seismic tests of uni—axial excitation and simultaneous bi—axial excitations, using
a 1/5 scale model and a 1/2 scale model of a two—dimensional HTGR core. Studies were carried out in
order to determine the fuel block displacement and impact characteristics, differences of excitation
directions such as uni—axial and simultaneous bi-axial excitations. Muto et al.*” made uni-axial seismic
tests of a two—dimensional horizontal core model to obtain the displacement and the reaction force
characteristics and developed a seismic analysis method,

In the above studies, however, the fuel block displacement and impact reaction characteristics due to
the side support stiffness are not yet made clear. In order to clarify the effects of the side support stiffness
and excitation directions on the fuel block displacements and impact reaction forces, the seismic tests were

carried out.
8.2 Experimental apparatus and method

9.2.1 Experimental apparatus

An experimental apparatus was a horizontal two-dimensional slice core that was taken from a one
fuel biock row across the HTGR core as shown in Fig. 9.1. Graphite fuel blocks were an one half scale
of a real fuel block which is the experimental HTGR under design study in JAERI. The experimental
apparatus is shown in Fig. 9.2. and Photo. 9.1. They, apparatus shown consisted of 139 fuel blocks and
18 sourronding side reflector blocks. These blocks were graphite blocks. According to the similarity laws
the fuel blocks were dimension scaled by 1/2 and weight scaled by 1/4 of those of the experimental HTGR

11111

(a) Core (b) Test model

Fig. 9.1 Two—dimensional horizental core model
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fuel blocks. To make a correction of the weight, as indicated in Fig. 9.3, a lead cylinder was inserted into
middle of each block as an additional mass.

The column restoring characteristics were simulated by a rod inserted into the block center as shown
in Fig. 9.3. The spring characteristics of the center rod were made linear for simplicity of the experimental
apparatus. The spring constant was 4.7 kN/m, being decided according to the natural frequency of the
fuel block 2.5 Hz. The spring rod through the fuel block attached to the base plate of the apparatus. Three
ball bearings, attached to the bottom of the fuel block, reduce friction between the fuel block and base
plate. The displacements between the block and base plate were measured with strain gauges attached to
the bottom of the spring rod at right angles to each other.

The eighteen side reflector blocks were made of three different kinds of graphite blocks. The weights
of those blocks of the experimental apparatus were 142.8, 115.5 and 97.2kg. Each side reflector block
(simulating a permanent side reflector) was fixed to the steel frame by the side restraint structure which
consisted of two support bars. The impact reaction forces were measured with strain gauges attached to
the restraint support bars. The strain gauges were attached to the support bars at right angles to each other
(radial and circumferential reaction forces were measured). The four ball bearings attached to the bottom
of the side reflector block reduce friction between the side reflector block and base plate.

In order to know effects of the side support stiffness on the fuel block displacements and the side
reaction forces, three kinds of side support rods were provided. The spring constants were (1) hard spring
support, 4160 kN/m, (2) intermediate spring support, 260 kN/m and (3) combined trilinear soft
intermediate and hard spriﬁg support, 15 kN/m (displacement from 0 to 16 mm), 97 kN/m (displacement

s (D)

|
¢ 87 Graphite block

R
R Tie plate

—
R

|- Lead cylinder

EETT

NN

- Rod

NN

Bearing

Baose plate
4 7/

) . \
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measurement
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Fig. 9.3 Graphite fuel block
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from 16 to 25.4 mm) and 4160 kN/m (displacement above 25.4 mm).

In addition to intermediate support stiffness, the apparatus was so designed as to apply a force from
surroundings to the core center, to clarify effects of preload on the displacements and forces. A tied key
(the reflector key) between side reflector blocks was also installed to compare effects of the reflector key

on the displacements and forces.

9.2.2 Experimental method

Uni—axial and simultaneous bi—axial borizontal excitation tests were performed on the apparatus on
a shaking table using sinusoidal and random waves. In the case of uni-axial sinusoidal excitations, tests
were performed with the X direction excitation (flat~to—flat direction) and the Y direction excitation
(corner—to—corner direction) as indicated in Fig. 9.4. In the case of the simultaneous bi—axial excitations,
four kinds of excitation modes were selected for combined actuated X and Y direction displacements and
phase change between two axes (the X and Y directions as shown in Fig. 9.4). Those excitation loci are
(1) the X-Y circular excitation, (2) the X=-Y axes elliptical excitation, (3) the X-Y 45° elliptical excitation
and (4) the X-Y 45 axial excitation. Sinusoidal frequencs sweeps, sweeping up and down from 1 to 10 Hz
range, peak acceleration levels of 50, 100 and 250 Gal were applied in the excitation tests.

It the case of the random excitation tests, two kinds of seismic waves and a white noise wave with
frequency components ranging from 1 to 10 Hz were used. In the case of the uni—axial seismic tests, the
E1 Centro 1940 NS wave and Ibaraki 1964 EW wave were used. In the case of the simultaneous two
dimensional seismic tests, the E1 Centro 1940 NS wave for the X direction and the E1 Centro 1940 EW
wave for the Y direction, and the Ibaraki 1964 NS wave for the X direction and the Ibaraki 1964 EW wave
for the Y direction excitations were used. According to the similarity laws, the time axis was compressed
to 1/4/2 times the actual seismic waves in the seismic tests. The peak acceleration levels of 100, 250 and

500 Gal were applied in the random excitation tests.

X -Y circular excitation

X-axis elliptic
excitation

LA XY 45° axis
l/\/el!ipTic excitation
1, .\I A

L

X - axis

Fig. 9.4 Excitation modes
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9.3 Results and discussions

9.3.1 Gap in block rows

The total gaps in each block row in the X and Y directions are shown in Fig. 9.5 and the total gaps
are closely related to the fuel block displacements. Each gap between the fuel blocks was 2 mm. As shown
in Fig. 9.5, the total gaps in each block row in the Y direction are greater than in the X direction and the
total gaps in each block row in the core center region are greater than on the core periphery. In Fig. 9.5,

fuel blocks and side reflector blocks are numbered for illustration of the experimental results.

9.3.2 Effect of acceleration level on response
Figure 9.6 shows the displacements vesus excitation frequency as function of mput acceleration
levels. It is seen that with an increase of input acceleration levels, the frequency for rapid drop of the

displacements, i.e. the jump-down frequency shifts to a higher frequency. Figure 9.7 shows the displace-
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Fig. 9.7 Maximum displacement vs. input acceleration

ments versus input acceleration levels as function of side support stiffness. In Fig. 9.7 (b) are the
maximum displacements for the case of uni—axial X direction and Y direction excitations, respectively.
The displacements increase with input acceleration levels in all side support stiffness. In a region of low
input acceleration, differences between the displacements in the X direction excitation and that in the Y
direction excitation are negligible. With an increase of input acceleration levels the displacements in the
Y direction excitation becomes slightly larger than the displacements in the X direction excitation. Since
the total gaps in the Y direction are larger than in the X direction, the Y direction displacement occur
more easily than the X direction displacement.

Figure 9.8 shows the impact reaction forces versus excitation frequency as function of input
acceleration levels, in the case of uni—axial X direction excitation under a hard support condition. It is seen
that the impact reaction forces increase with increase of input acceleration levels. The resonant frequency

strongly depends on the input acceleration and shifts to a higher frequency with increase of input
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Fig. 9.8 Effect of input acceleration on force frequency characteristics
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acceleration levels. Figure 9.9 shows the impact reaction forces versus input acceleration levels as function
of side support stiffness. Figure 9.9 (a) and 9.9 (b) show maximum forces for the cases of the uni-axial
X direction and Y direction excitations, respectively,

The impact reaction forces increase with the input acceleration levels which all side support
stiffnesses. In the region of the fow input acceleration, differences between the force for the X direction
excitation and that in the Y direction excitation are negligible. With an increase of input acceleration, the
impact reaction force for the X direction excitation becomes slightly larger than the impact force for the
Y derection excitation. The flat-to—flat collision of fuel blocks cccur during the X direction excitation,
while during the Y direction excitation, sliding side collision of fuel blocks occurs, converting impact
energy to friction, so that the impact reaction force becomes smaller than that during the X direction

excitation.

9.3.3 Effect of excitation direction on response

Figure 9.10 shows the displacements and impact reaction forces in the core at sinusoidal peak
acceleration of 250 Gal, for uni—axial and simultaneous bi—axial excitations. In Fig. 9.10 are shown the
displacements and forces at frequencies of around 4 Hz, in the maximum response regions. In the
simultaneous bi—axial excitation, values of maximum acceleration of 250 Gal are vectors. In the case of
the uni-axial X direction excitation, the fuel block moves not only in the X direction but also in the Y
direction. The displacement locus of the block center has an elliptic shape with the line of apsides in the
X direction. In the case of the uni-axial Y direction excitation, the fuel block moves not only in the ¥
direction but also in the X direction. The displacement locus of the block center has an elliptic shape with
the line of apsides in the Y direction. In the case of XY circular excitation, the displacement locus of the
block center does not have a circular shape but an elliptic shape with the line of apsides in the Y direction.
In the case of the X=Y axis elliptic excitation, the displacement locus of the block center does not have an
elliptic shape with the line of apsides in the X direction but an elliptic shape with the line of apsides as the
axis inclined 20° ~30° from the X-axis. In the case of the X-Y 45°elliptic exitation, the displacement
locus of the block center has an elliptic shape with the line of apsides inclined 70° ~80° from the X-axis.

In the case of the X—Y 45%axis excitation, the displacement locus of the block center has an elliptic shape
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with the line of apsides as the axis inclined 60° from the X-axis.In the simultaneous bi-axial excitations,
the locus of the block center differs from the excitation locus. It is because the total gaps in the Y direction
are larger than that in the X direction and the fuel blocks are easily displaced in the Y direction than in
the X direction. Among the six different excitation conditions, the displacement in the case of the X-Y
45° elliptic excitation are the largest and subsequently becomes smaller in the following order; the X—Y 45°
axis excitation, the X Y axis elliptic excitation, the Y direction excitation, the X—Y circular excitation and

the X direction excitation.
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Y

X
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Fig. 9.10 Effect of excitation mode on displacement and force in core
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It is seen in Fig. 9.10 that the maximum reaction forces in the radial direction component are larger

thanp that of the tangential component.

Figure 9.11 shows the maximum reaction forces versus input acceleration levels with excitation

conditions as a parameter. The impact reaction forces increase with increasing input acceleration. It is

seen that the impact reaction forces in the cases of the X direction and X-Y 45% axis excitation are larger

than for the other excitation conditions.

9.3.4 Effect of side support stiffness on response

Figure 9.12 shows the fuel block displacements as function of the side support stiffness for the case

of uni-axial X and Y direction excitations using a sinusoidal wave, and for the uni—axial X direction

70 T
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60k Max. input acceleration 250 Gal |
Excitation direction
= —— X
E 50 e Y 7
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o Krmmm e %
o | e e———
E— 30_ e .
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=) < \‘é prefoad
201 | i
With preload
10- -
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Soft Intermediate Hard
Suppert  stiffness

Fig. 9.12 Maximum displacement vs. side support stiffness
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Fig. 9.13 Maximum force vs. side support stiffness

excitation using the E1 Centro 1940 NS wave. The maximum input accelerations of the sinusoidal wave
were 250 Gal and 500 Gal for the E1 Centro 1940 NS wave. The displacements decrease with an increase
of the side support stiffuess. It is seen that the fuel block displacements are larger with preload than
without preload in the case of the intermediate support condition. Preload from the core periphery to the
core center could reduce the displacements of fuel blocks.

Figure 9.13 shows relationship between side support stiffness and the impact reaction force for same
condition of Fig. 9.12. The impact reaction forces for the hard support are larger than for the soft support
and the forces for the intermediate support condition are smaller than for the hard support. It is seen that
the impact reaction forces are smaller with preload than without preload in the case of the intermediate
support. There is a favorable support stiffness in the HTGR core design. Furthermore, preload from the

core periphery to the core center could reduce the impact reaction forces.

9.3.5 Effect of Key between side reflector blocks

As shown in Fig. 9.2, there exists connection keys between side reflector blocks. The following are
effects of the connection keys on response. Figure 9.14 shows the frequency characteristics curves of the
impact reaction forces comparing effects of connection key between reflector blocks in the case of a hard
support using the uni-axial X direction excitation with the maximum acceleration 250 Gal sinusoidal
wave. Differences of the impact reaction forces between cases with the keys and without the keys are
small. The impact reaction force with the keys are a little larger than without the keys. Moreover
differences of the fuel block displacements between cases with the keys and without the keys are negligible.
This is for the following reason. The side reflector blocks are supported by the side support structure and
being in contact, may restrain each other. Even if impact occur between one fuel block and one reflector
block, the impact force transfers from ome reflector block to neighbouring reflector blocks, due to side
contact of the reflector blocks. Whether there are connection keys or not, the reflector blocks affect one
other, so that the connection keys slightly affect the response values. Nevertheless, when the side support
stiffness becomes soft, each support stiffness of the reflector block decreases and the restraint effects

between the reflector blocks become relatively large. Both the fuel block displacements and the impact
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reaction forces with the connection keys are smaller than without the keys.

9.3.6 Random wave response

JAERI 1322

Figure 9.15 shows the :displacements versus the side support stiffness with three kinds of random

waves, of which the maximum acceleration is 500 Gal, as parameters. The maximum displacements of the

E1 Centro 1940 NS wave and the white noise wave are the same. The displacements of the Ibaraki 1964

EW wave are smaller than those of the two other random waves. The resonant frequencies of the El
Centro 1940 NS wave range from 2.8 to 9.1 Hz, and those of the Ibaraki 1964 EW wave range from 4.5
to 7.8 Hz. On the other hand the responant frequency, which is determined from the weight of a fuel block

and a support rod simulating column stiffness, is 2.5 Hz. Consequently, the E1 Centro 1940 NS wave

exists in the resonant frequency of the fuel block while the Ibaraki 1964 EW wave does not exist in the

resonant frequency of the fuel block.

As shown in Figs. 9.12 and 9.135, effects of the side support stiffness on the displacements and the

impact reaction forces due to sinusoidal waves and random waves have the same tendency.
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Fig. 9.15 Maximum displacement vs. input wave
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Fig. 9.16 Maximum force vs. input wave

Figure 9.16 shows the maximum reaction forces versus side support stiffness with three kinds of
random waves as parameters. The test condition was the same as that of Fig. 9.15. The maximum reaction
forces of the E1 Centro 1940 NS wave and the white noise wave are almost the same. The maximum
reaction forces of the Ibaraki 1964 EW wave are smaller than that of the two other random waves. This
tendency is the same as with the maximum displacement response as illustrated in Fig. 9.15 and it is
considered to be due to the same reason.

As shown in Figs. 9.13 and 9.16, the maximum reaction forces dependent on the side support stiffness
have almost the same response values for sinusoidal and random waves. The response values of random
waves are one half times those of sinusoidal waves for the same input acceleration condition.

Table 9.1 shows the maximum reaction forces comparing the response values of three kinds of
random waves and excitation directions. The impact reaction forces of the uni—axial X direction excitation
are larger than that of the uni—axial Y direction and simultaneous bi—axial excitation. It is the same
tendency as in the case of the sinusoidal wave response. For the above reason, the response values of
random waves are estimated from those of the sinusoidal waves and the maximum response values are

estimated from those of the uni—axial sinusoidal X direction excitation.

Table 9.1 Effect of input wave on maxium force

Seismic wave Excitation Force (kN)

NS wave X-axis 11.8

E1l Centro 1940 NS wave Y-axis 7.5

NS, EW waves X-, Y-two axes 6.9

EW wave X-axis 3.2

Ibaraki 1964 EW wave Y—axis 34

NS, EW waves X-, Y-two axes 2.5

. . X—axis 12.0
White noise

Y-axis 7.3

(Maximum acceleration 500 Gal, 1 kN=102 kgf)
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9.4 Concluding remarks

In order to obtain seismic response characteristics and seismic design data for the HTGR core, an
experimental study has been carried out using the two—dimensional core model which is a horizontal slice
along the axis of the experimental HTGR core consisting of graphite blocks.

The important experimental results are as follows:

(1) The column resonance curve shows typical nonlinear hardening characteristics. The resonant
frequency increases with an increase of the input acceleration level and strongly amplitude dependent.

(2) The displacements and impact reaction forces increase with an increase of input acceleration
level.

(3) The displacements in the excitation of the corner—to—corner direction are larger than that in the
excitation of the flat—to—flat direction. On the other hand, the impact reaction forces in the excitation of
the flat—to—flat direction are larger than that in the excitation of the corner—to—corner direction.

(4) The displacements decrease with an increase of side support stiffness. It is seen that the fuel block
displacements are larger with preload than without preload in case of the intermediate support condition.
Preload from the core periphery te the core center could reduce the displacements of fuel blocks. The
impact reaction forces for the hard support condition are larger than for soft support and the forces for
the intermediate support condition are smaller than for hard support. It is seen that the impact reaction
forces are smaller with preload than without preload in case of the intermediate support condition. There
is a favorable support stiffness in the HTGR core design. Furthermore, preload from the core periphety
to the core center could reduces the impact reaction forces.

(5) The following are effects of connection keys on response. Differences of the impact reaction
forces between cases with the keys and without the keys are small. The impact reaction forces with the
keys are a little larger than without the keys. Moreover differences of the fuel block displacements
between cases with the keys and without the keys are negligible.
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10. Seismic Analysis Method for a Two dimensional
Horizontal HTGR Core

10.1 Introduction

A HTGR core consists of more than several thousand individual graphite blocks of various shapes.
It wuold be most difficult, if not impossible, to construct a mathematical model of such a large array of
core blocks installed in the configuration of three dimensions, where each block can have six degrees—of
“freedom. A three—dimensional analysis of the dynamics of the large array of core blocks would be
economically unfeasible with respect to computional cost. A two—dimensional analysis would, on the other
hand, seem to be one of of the best ways if it can adequately describe the major dynamic characteristics
of the three—dimensional core blocks.

Since the system of blocks such as the HTGR core is a very different structure from the usual ones,
conventional theory to analyze the structure and experimental data can not be applied directly.

Muto et al.®” proposed a two-dimensional analytical method of a horizontal slice model of a HTGR
core using a rigid body to siniplify the model and to save computer calculation time. The model used
impulse momentum conservation laws. However, the column (piled up with blocks) characteristics such
as the column rotation was not considered. Tow ¥ developed an analytical method for this problem and
a computer program using a simplified model.

The author has developed a numerical method for analyzing the dynamic behavior of the two—
dimensional horiznotal slice HTGR core under seismic excitation. The method is relatively general, based
on a two-dimensional model capable of handling a wide range of core blocks, core restraint structures and
the core support structure coupled with uni—axial or bi-axial horizontal excitations. The HTGR core is
modeled as a multiple mass system consisting of an entire horizontal section of the core at a single

elevation.
10.2 Calculation equation

10.2.1 Analytical model

A HTGR core consists of several thousand hexagonal graphite blocks stacked in columns and
separated by small gaps. The core blocks are surrounded by both replaceable reflector blocks with the
same hexagonal cross section as the fuel blocks, and fixed side reflector blocks which are of varying
shapes.

An one fuel block height of a horizontal layer of the experimental HTGR core is modeled as shown
in Figs. 10.1 and 10.2. Impacts of blocks are modeled by using interblock springs and dashpots as shown
in Fijs. 10.3 and 10.4.

The basic assumptions of this analytical model are:

(1) each block is modeled as a rigid body,

(2) each block has three degrees—of freedom; two translational displacements and one rotation
around block center axis,

(3) block forces are normal to the faces and friction or other moment producing loads are allowed,

(4) impact forces are represented by a spring and dashpot model located an impact points of each
block,

(5) each block is connected to the core support block by means of column springs and dashpots,
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Fig. 10.1  Analytical model of two—dimensional horizontal core (1)

(6) each side reflector block is connected to a core outer structure (such as a core barrel, a reactor
vessel or PCRV) by means of the core restraint springs and dashpots,

(7) the core support block is modeled as a single mass and has two degrees—of-freedom; two
translational displacements, and

(8) the motion of the core outer structure is specified to be in two horizontal (translation} directions.

Sprin Friction

YE Side reflector block

Fuel biogk .
Core restraint

~ structure

=i

Dashpot

2 ghiy

y
Core support block

Fig. 10.2  Analvtical model of two-dimensional horizontal core (1)
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Fig. 10.3  Side reflector block model
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Fig. 10.4 Block arrangement and impact model

10.2.2 Representation of impact force

The impacts between blocks are modeled using the spring dashpot elements (alias a viscoelastic
model) as shown in Fig. 10.5. At the instant of impact, when the gap between two blocks becomes zero
or negative, the interblock spring and dashpot generate a force. The spring and damping forces are
formulated as follows: The initial gap between two blocks (i. e. between the i—th and j—th biocks) is

defined by parameter &, while the spring and damping forces are defined as function of relative

)‘js
displacement x,—x;, and relative velocity p'c,-f;cj of the two impacting bodies,

Spring force F*

FS=K (x—x+0,), if | x—x, | <6, } (10.1)
=0, if i x—x1 >6;.
Damping force F?,
D_ — ) i
F7=Cy(x,—x), If‘ X% |0y, } (10.2)

7

-

_><
._><
Force

a1
0 / Displacement Xi = Xj~ 8

(2) Mass impacting model {b) Hysteresis loop for impact

Fig. 10.5 Viscoelastic model with two impacting bodies.
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The impact force is then

F=f54 FP. (10.3)

10.2.3 Global and local coordinate systems

One global coordinate system and three local coordinate systems are used for the convenience of the
formulations. The coordinate systems of this analytical model are:

(1) global coordinate system with the origin (x, y) at the core center,

(2) local coordinate systems with the origin at the block center of gravity,

{(a) initial coordinate system (xtyh,

(b) coordinate system after displacement (x 2 y9, and

{3) local coordinate system for rotation (x 5 yS) .

10.2.4 Equations of motion of fuel biock
Let the coordinate system be chosen as shown in Fig. 10.6. The equations of motion for the n—th fuel

block may be written as

6 2 &
mx,+ > 2 FAL Y P PR = —m %,
=1

i+ nif
i=1j=1

nij

6 2 ]
mj,+ > 2 FR LS FS A F = —m i, , (10.4)
i1

i=14=1

[ &
1O+ 2 XM+ Ma=0.
i=1

i=1;=1

10.2.5 Displacement and velocity of block

The displacements and velocities of the points on the surfaces of a hexagonal block and a fixed side
reflector block are similar. Therefore, the case of the hexagonal block alone will be shown. As indicated
in Fig. 10.7, when the center of gravity of the n-th block moves from O, to O, (displacement x,, y,} and
the block rotates by an angle of §,, the surface point P of the n—th block in the global coordinate system

is expressed by the following equations.

S_ oL L
Xpp= X, Ypr8ind, — x,,(1—cost,) , ][

10.5
ypi =y, — xp’r; Sinﬁnfypﬁ(l —cosh,) . ( )
The velocity of the point P of the block is derived from equation (10.5) and expressed as follows

.X.:pSn: in _ (ypf;'l Cosgn_ xp":‘:’ Singn) Bn 4 } ( 10 6)
b Gicost, | plsind, ), |

X{x}

Fig. 10.6  Sign of displacement, force and

moment
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The coordinates of the point P are expressed by the equations below

x,,QPn:xpfﬁ xpf,—x,, ,1
@ _,5_ L ! (10.7)
ynpn_ypn—ypnwyn '

Substituting equation (10.5) into equation (10.7)

xn%n:y;,;sinﬂn+ x}fncosﬂn , ] (108)
y8,= —xpsinb, +ylcosh . '

The coordinates of the point P in the.rotated local coordinate system can be expressed by the global

coordinate system. Solving equation (10.8) for the coordinates (xpﬁ, ypﬁ)

L_ -
xh=x2 cos,—y2,sing,
Lo 0 (10.9)
ypn_xnpllslngn+ynpn COSQ!I s
or
L—=xl cosf,—yr,sind,— 8,+ y,sind
Xow = X, COSH,, = ¥y, $ING,, — x,,COS8, + ¥, 8106, , (10.10)
r__ L : | . '
Vou = XpSING, + y;p 0080, — X, 8i06,— p,c080, ,
where
Q _ L
X, — X — X, .
. } (10.11)
Yapn = Yona™ ¥n -
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10.2.6 Gap between blocks

The calculations of the gap between hexagonal blocks, an hexagonal and a side reflector block, and
side reflector blocks are carried out in a similar way. We will show only the calculation method for the gap
between hexagonal blocks. The gap between a corner (Dof the n-th block and the side @& of the i~th
block is shown in Fig. 10.8.

{1) Displacement coordinates of corners (1) and @ of the n—th block

The coordinates of corners ) and @) of the displaced n—th block are expressed by the following
equations.

(a) For the corner (I

xngln:xlli‘?_‘_xlsni‘xn ’
P (10.12)
xnln_y]n_{_ylniyn'
(b) For the corner 2
X = K Xy X 013
G _ 1,5 (10.13)
ynln_y2n+y2n-yn -

{2) Displacement coordinates of corners (1) and &) of the i—th block

The coordinates of corners @ and & of the displaced ith block are expressed by the following
equations.

(a) For the corner (1)

7‘:15&2;1:)‘4[;_7_-xﬂfsfi-)‘:r:+ (X X) ’} (10 14)
Q0_ L S . _ '
Vier= Vi T Vo= Y o™ Vou) -

(b) For the corner (&

xi'SQn:x51;+x5§7 xn% (xof_xan) ’] (10 IS)
Y=yt vyt Wa Vo) -

(c) Equation of the straight line of the side (D2 of the n-th block
Equation of the straight line of the side (—(2) of the n-th block is the following.

-
Ll
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Q L r .
(Xa1n ¢ Ynin) (x5i,y'5-f) ! ] Initial state
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l O Next time step

/
{
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Fig. 10.8 Gap between blocks
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yr=axt b, (10.16)
. where
E A

=g,

A

bl_ynglnixrgnA_z ’

A]:xigni‘xﬁgn ’

Az:ylﬁniyn%n H 10.17

v (10.17)

idn Vin s
A4 anIn_xn%n "

(d) Equation of the straight line of the side (0% of the i—th block

y=ax+b; , (10.18)
whrer
A
SRR
ﬁ A
; b y14n7xt4n_A}

(e) Coordinates of block impact point
The coordinates of the point of intersection between a straight line passing through the corner @ of
the n—th block and perpendicular to the side (U—@) and the side 4—® of the ith block are give by the
following.
Assuming that the side (~2) of the n—th block intersects the side @5 of the i-th block at a 90°
‘ angle, the condition under which a straight line passing through the corner (D of the n—th block and
‘ perpendicular to the side T—@) does not intersect the side (4~ of the #th block, i. e., the corner D of
the n-th block does not impact the side @~ of the ith block, is expressed by the equations below.
! A, A
: i) A4,#0, 4,#0and ——~ A? .
iy 4,70, A,=0and 4,=0, (10.19)
i) A,=0, 4,70, 4,0 and 4,—

where, A4,, 4,, 4; and A, are given in equation (10.17).
(f) Impact point coordinates under conditions 4,70 and 4,70
i ) Equation of the straight line of the side (0@ passing through the corner (U
The equation of a straight line passing through the corner (I) of the n—th block and perpendicular to

the side ([—2), which passes through the coordinates of the corner (> at a slope a, is given as follows.

y=ayx+by, (10.20)
where
| A
S

b3 +xn1nA

ii ) Coordinates of intersection point
The coordinates of the intersection point (dJ,, £ ) between the n—th block and the i—th block are

obtained from equations {10.18) and (10.20).
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ii—a) If 4,0
. A A
deIn_( 7b3-?—yi4?n_xi4%Al3 >/<a3As> ’
i 1 (10.21)
y&n= (asxf,+ by) -
ii—b) If 4,=0
L J—}
Xdin™ Xidn »
o, } (10.22)
Yain— B Xidn 3 -

(g) Impact point coordinates under the conditions 4,70 and 4,=0
i ) Equation of the straight line passing through the corner (1) of the n—th block at right angle to the

side 2.
Since the straight line of the side (U-@) is parallel to the x axis, a straight line perpendicular to the

straight line is given by the equation below,
X=x9,. (10.23)

ii } Coordinates of intersection point
The coordinates of the intersection point is abtained from equations (10.20), (10.21) and (10.22).
ii—a) If 4,#0

| —c
Xdin~ Xaln »

(10.24)

A A
Q.23 .0 +[ -Q-'X-Qs].
Yiln AI dln Yidn 14nA1

ii -b) If 4,=0, there is no intersection under the condition ii) of dquation (10.19).

(h) Impact point coordinates under the conditions 4,=0 and 4,70

i) Equation of the straight line passing through the corner (I of the n—th block at right angles to
the side 2.

Since the straigt line of the side (D—@) is parallel to the y axis, a straight line perpendicular to the

straight line is given by the equation below.
=i (10.25)

ii) Coordinates of intersection point
The coordinates of the intersection point are obtained from equations (10.18) and (10.25).
ii-a) If 4,70 and 4,70

A A
o )@ o g 473
X - n fn*xi n »
din g, {ydl i d A1} (10.26)
y8.=r5..
ii—b) If A=0

[« B
Xain~ Xign »

‘3 T } (10.27)
Ydin Yy -

(1) Gap between the corner () of the n—th block and the side @—® of the i~th block
The gap between the corner (I of the n—th block and the side {43} of the i~th block is given as

follows.

Su=(x2,— x50+ h.—r8) 3 (10.28)
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10.2.7 Judgment of impact between blocks
(1) Judgment of impact from geometrical arrangement of blocks

The judgment on the possibility of block impact is made by whether a corner of the block is facing
a side of the adjacent block, or a straight line perpendicular to the side having a corner of the block
intersects the side of its adjacent block. The condition under which this intersection does not exist is that,
by reference to Fig. 10.9, there is no inersection between a corner (1) of the n—th block and the side @)
& of the i~th block, which is expressed by equations (10.17) and (10.19) . Under other conditions than

the above, there is a possibility of block impact.

(2) Judgment of hexagonal block impact
When the conditions below are satisfied, block impact will occur.

(a) A corner (I of the n—th block is in between the side @5 of the i—th block (see Fig. 10.8)

Cefln—x8) (28, — x5) <0,
(yzgn_yign)(ycgn_yfgn)<0‘ -

(b) The position of the intersection described above is within the hexagonal contours of the impacting

n—th block (see Fig. 10.9},

where

R,=R, .

® R
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Fig. 10.9 Block impact
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Fig. 10.10 Impact between hexagonal block and side reflector block
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R = {(x£) - )",
02 0 1 (10.30)
R2: {(xnln) + (ynln) } N

(3) Judgment of side reflector block impact
Additional judgment rules of block impact are applied as illustrated in Fig. 10.10. In the figure, the
side {137 of the impact corner (I) of the #-th block is on the line of passing point O, and if the following

condition holds, impact occurs between blocks.
r8xS,—x5»5,=0. (10.31)

If it is not determined to judge impact under the condition as defined by the above equation, the
following judgment rule is required for impact occurrence.
(a) Straight line of the side (07 of the n-th block

y=ax+bh, {10.32)
where
a= ynln
‘x}gii ’
b=0

(b) Distance between the center of gravity and the corner (1) of the n—th side reflector block is

represented in equation (10.30).
{c) Judgment rule for impact is as follows.

0
| 6,1 =tan™' —y‘g" ,
e
dln
: y&
| 6, =tan ' ||, (10.33)
aln
R
| g% | =tan™' | 24~
dln

i ) If no—impact occurs between the n—th side reflector block and the i~th hexagonal block, the

following equation exists.

yQ )’R
win dln i R
?’!QIH. Lgﬂ ‘ 2 | ‘ ! ‘ ( )

ii } If impact occurs between the n—th side reflector block and the i~th hexagonal block, the following

equation exists.

va vé
o ‘dfai or |6, = [6f]. (10.35)
nln dln

10.2.8 Impact forces and their associated moments of fuel blocks
(1) Inclination angle of impacting blocks
~ The inclination angle #,, at the corner of the n—th block in Fig. 10.11 1 obtained. If the coordinates
of the corner {1} of the block and of the corner @ after the displacement of the block are (x2 y9
and (x2,, y2,) respectively, the equation of the straight line (D — 1 ~ D becomes as follows.
(a) Ifxfgf ngﬁéo

y=ax+tb, (10.36)
where
g ¢
Y .
a=25 2L L i#6),

XX
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Fig. 10.11 Impact force components

[ 2]
N ¥ .
&= o . i=6).
b x2—x" ( )

(b) ffx,—Q—x,-g[:
R (10.37)

i -

The inclination angle 6, is as follows.
(&) If x2—x2,#0

8,,=tan ‘a;. (10.38)
) If x2—x2,=0

bs
Bsn= 7 : (J’iQ"J’iQ:—1>0) ’
(10.39)

s
9!3?1:?; (yiQiyig-1<O) .

(2) Relative velocity between impacting blocks
_ The velocity components, v, and v,, in the direction perpendicular to the impacting side having the
impacting corner of the n—th block (the side ®—D of the n—th block in Fig. 10.11) are given by the

following equations.
(a) velocity vector generated by x—direction velocity

. . . B
x, | | sin@g,+6,) | TB (v y€+0) .

ve= |

(10.40)
v,=0; (r2—¥2=0) .

(b) velocity vector generated by y—direction velocity
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_ b 0
= ‘ Yu | | COS(QQ,QL@“) | W; (x1 — X #O) ’
(10.41)
v,=0; (x;qfxg:(}) .
where
eyt

yp:ypn—ypi ’
Qxlgi x6Q

_B:x6 *yﬁ s
.Vlgf}’GQ

g_ .,@

b:yQ#nyl Yo
{3 6 0.0 *

X Xg

The relative velocity in the direction perpendicular to the impacting side having the corner of the n

—th block thus becomes tbe following.
vy v (10.42)

(3) Impact force of the a—th block
The impact force directed inward to the block is taken as positive. Impact force F¥ of the n-th block

is as follows.

FE=F+FP, (10.43)
where

FnS: K:én] ’

FP=C}v.

The judgment of block impact is carried out as in previous section 10.2.7, due to the viscoelastic

model employed, it is necessary to consider also the following conditions.

ER=0; (impact case) , }

R . (10.44)
F,=0; (no—impact case) .

(4) Perpendicular and parallel forces to the impacting surface of the ith block
As in Fig. 10.11 the force applied to the i~th block by the impact is divided into two components i.
e. , the force Fiy in the direction perpendicular to the impacting surface and the force F, in the direction

along the impacting surface, which are give by the equations below respectively.

Fr=F~cosh,,,
10 nl i } (1045)

Fl,=FZsinf,, .

where
R
G,=6;10;,
O =0nt0,.

(5) Parallel force to the impacting surface and friction force
The friction force FL, of the impacting surface of the i~th block is

Ff=uFg . (10.46)

Where £ is the coefficient of static friction. The force F!-%D . parallel to the impacting surface, which

exceeds the friction force F, does not become larger than this friction force due to the slip. The following
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conditions are, thus satisfied.

i

FIP=Fl; (| Fly| <Fp

Fid=Fio: (| iy | 2Ff) }
The impact force of the n—th block, F,ﬁD , is modified as in the following,

RD__ R TD 1
F _E10C08910+ FilO Sln@,u .

ni

JAERI 1322

(10.47)

(10.48)

(6) x— and y—direction force components and their associated moments due to modified impact force

a) impact force component in x— and y-direction for the n-th block
¥

i) x—compoenent force

. , B
R =FP | sin(0,~0,) | 7 i 0f-3E70),
FRY=0; (y@—»2=0) .
ii ) y—component force
FEY= P | cos(0,,+0) | T 5 (P~ x870)
Fi'=0; (xf—x2=0).

(b) Moment around the n-th block center of gravity for the n-th block

ME=—x2 FRY+yQ FRX

ni npn <+ ni npi* nf

(c) x—and y—direction force component due to the modified impact force
FXP for the i—th block

i) x—component force
B

Eﬁ)X:FrﬁD | sin(4,+0;) | ""

Fig =0 (P yE=0).
ii) y—component force

b
F}{{OY":F;?D| cos(B,+6,) | Y ; (xsg_x4Q9£U) ;

FfY=0; (xSQfng:O) .
(d) Moment due to the modified impact force for the i-th block

R _ _ _QpRY 0 pRX
M= xipi‘FilO +yfpr10 .

10.2.9 Restoring forces of fuel block
Restoring forces of the n—th fuel block are given by

CX__ 7-CX_Q cx*
F =K "x+C,x,,

cY__ CY. | Cy?*
FO=Ke+Cy,.

n

(10.49)

(10.50)

(10.51)

(10.52)

(10.53)

(10.54)

(10.55)

10.2.10 Restraint forces of side reflector blocks and their associated moment

Restraint forces of the side reflector blocks are written as
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Fig. 10.12 Restraint forces of side reflector block

FX=K %25 G,
(10.56)

FOY=[g Y01 COY;
T n h n n-
Moment M, acting the -th side reflector block caused by restraint forces is written as follows.
M= F (8 +y%) —F (0 T x3) (10.57)
where, x,g,, angz, y,?gl and yanz are shown in Fig. 10.12,
10.2.11 Key reaction force between side reflector blocks
The formulation of the reaction force due to shearing force in the key installed between two adjacent
blocks is as follows. To simplify, the friction force between the key and keyway is ignored. Setting the

origin of the coordinate system of the n—th block after displacement of the block to the center of gravity,

the coordinates of the key corner are as follows (see Fig. 10.13) .

¢ L s _
xnln”xnln_._xnln Xn s
Q _. L .. §
Yala= Yatn ™ Yeln™ Vn> 10.58
e T S (10.58)
Xpdn™ Xnan ™ Xazn™ Xn »

iow=Viion Piow™ Y -
(1) Corrdinates of key after its displacement
Setting the origin of the coordinate system of the n—th block after its displacement as the center of

gravity of the keyway are as follows.
i) For the r-th block

Q _ L Y
Xinn = Xinn ™ Kinn ™ Kn

o _ L s _ } (10.59)
yknn7YKnn+yknn ¥a -

ii y For the i-th block

g _ L S _ —
xkinixkfi%— X xn+ (xai xon) !}

(10.60)
V=V Y Ve G Yon) -
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Fig. 10.13 Key and keyway displacements

(2) Inclination angles of side having the key
The inclination angles of the side having the key are as follows.
(2) For the »—th block

Q .- ,8
Xaln ™ Xnln
7 ¥R i
2 | yﬂQIn—yﬂ%n |
(b) For the ~th block

1 yi?n . yzZQn
g

s (x5, - x5,70),
(10.61)

; (0§, —x5,=0) .

/m

gpi:tan | _x : (xi?nixQQn;éO) »
S (10.62)
T Vaw Yae .0 _0_
=0 g (x5 x5,=0) .
AR A
(3) x- and y—components of gap d,, and J,,
__ G
Ogn™ ~
| cosb,, |
(10.63)
_'4L
& {sing, |’
where &, is gap between the key and the keyway.
(4) x- and y-components of spring constant KM and KXY
KM= | Kfcosf,, | , } (10.64)
K= | Kfsing,, | . '

where K¥ is spring constant of the key.



10. Seismic Analysis Method for a Two—dimensional
JAERI 1322 Horizental HTGR Core 125

(5) x- and y—components of damping coefficient CH and CX7

CF¥= | Clcosb,, |, } 10.65)
CK'= | csind,, | - (10.
where CX is damping coefficient of the key.
(6) x- and y-components of key reaction force F,* and F;'”
(a) If | xG,—x&, | 26,
KX a ku _kun KX KX
Fn = (xknnixk%l) - 7 3 5 Kn _.—(vknxivkix) Cn . (1066)
| xknn ka |
(0) If | ¥, —»& | 26,
FY= [(yk%n—yk%) -—’”:Li:“ 0T 0 ]Kn”+ (Viny Vi) G- (10.67)
n in
(C) If | xkrm ka ‘ <6
F¥=o. (10.68)
(d) If ‘ yk%ndyk?n | <6gy
Ff'=o0. (10.69)

(7) Key reaction forces
The shearing force in the key reaction is divided into two. One component is parallel to the side
having the key, F.", and the other component is in the direction perpendicular to it, FER These are given

as follows.

FM'=FMcos8,,+ Fsing,, ,
(10.70)

KR_ _ KX KY,
Fit=—F"sind,, + F; "cost,,

(8) Moment due to key reaction force
The moment around the center of gravity of the n-th side reflector block, due to the key reaction

force, M;" is written as

ME=FF,2 —FFx2 (10.71)

10.2.12 Equations of motion for side reflector block

The equations of motion for the n-th side reflector block may be written as
NCR 2

My + 2 2 F 2 F5X+ FE ZFGX ZFKX— —m,X,
i=1j=1 i=1 =1

NCR 2 NCR 2
mnyn+ZZF,{;Y‘i ZFSY+ FCY+ ZF?Y+ ZFEY:*m,IjJO y (1072)
i=1j-"1 i-1 [~
NCR 2 NCR

Lo+ 2 X M+ Z Mo+ M+ ZMG+ ZMK—O

i
i=1j=1 =1 =1

10.2.13 Equations of motion for core support block
The equations of motion of the core support block may be written as

NH NR
~ L - LET = —mk,,
. - (10.73)

NH NR
m;, ¥, — ;ECY* DET = myy, .

i=1
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10.2.14 Numerical integration method

A number of direct numerical integration methods have been considered for the calculation. Both
implicit and explicit time integration methods and convergent characteristics as function of integration
time step size and numerical stability have been investigated. The Runge—Kutta method was then selected
for the calculation.

The integration time step used in the calculation should be large enough to reduce excessive computer
run time but small enough to obtain an accurate convergent solution. In general, the recommended
integration time step is based on the smaller value of 1/20 of the interblock contact time or 1/20 of the
natural period of the highest natural frequency of the model. The numerical integration time step is

automatically adjusted in the calculation.
10.3 Results and discussions

The governing equations given in section 10.2 can be numericaliy solved by using the Runge—Kutta
integration schemes. The geometry data and mass of the blocks shown in Table 10.1 are chosen in such
a way that the system corresponds to the experimental HTGR core with dimension scaled by 1/2 and
weight scaled by 1/4. The computation time interval is 0.05 milli-seconds. The numerical results are
compared with experimental ones. In the calculation the input acceleration wave is 4.1 Hz sinusoidal wave
of maximum peak acceleration 250 Gal. The frequency 4.1 Hz was chosen because one of the maximum
response values were observed during experiment under a sinusoidal excitation frequency of 4.1 Hz

frequency.

10.3.1 Displacement response

Figure 10.14 shows the displacements of fuel blocks and side reflector blocks obtained under uni—
axial sinusoidal excitation of 4.1 Hz and peak acceleration of 250 Gal. Fuel blocks move not in the X
direction, same as excitation direction but also in the Y direction, perpendicular to the excitation
direction. The displacement loci of fuel block centers have elliptic shapes. This phenomenon was observed
by a seismic test illustrated in the previous section 5.3.

Figure 10.15 shows the comparison between analytical and exmerimental displacements of fuel blocks
and side reflector blocks on the X-—axis. The analytical results show a favorable correlation with the
experimental ones.

Figure 10.16 shows the comparison between analytical and experimental displacements of fuel blocks
and side reflector blocks on the Y—axis. In the figure, it can be seen that the analytical results are in good

agreement with the experimental ones.

Table 10.1 Calculation data

- Fixed side reflector block
Ttem Unit Fuel block Core base plate
Type A | Type B | Type C

Mass kg 19.1 1 972 115.5 142.8 -

Impact 12400 12400 ' -
Spring constant — —  kN/m : -
support 4,71 7610 7610
Impact 7.69 7.69
Damping coefficient — kN -*s/m T
Support 0.06 2.75 2.94 3.34 6.67
Spring constant of reflector key kN/m 12400
Damping coefficient of reflector key kN »s/m 7.69

(1 kN=102 kgf, | kN/m=1.0Z kgf/cm)
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Fig. 10.14 Seismic behavior of two—dimensionai horizontal core model (Excitation X

Max. acceleration 250 Gal)
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10.3.2 Impact acceleration response

Figure 10.17 shows the comparison between analysis and experiment of the accelerations of fuel
blocks and side reflector blocks on the X~axis. The analytical results show a favorable correlation with the
experimental ones.

Figure 10.18 shows the comparison between analysis and experiment of the impact accelerations of
fuel blocks and side reflector biocks on the Y—-axis. In the figure, it can be seen that the analytical results

are in fairly good agreement with the experimental ones.

200 —
X - direction
AN ‘ \
“ 100 |- » I B
/ /)\OAHHMAWD\O/ >\<>\\\
g O RB-5 g-1 8-2 8-3 8-4 B-5 8-6 8-7 8-8 8-9 8-70 -1 RE-14
£ 500
° et Expérimém } Y - direction
s - —o— Analysis : ' ~—
2 n
£ 100 /\o\(g,: ) W ~
—
Dbt
- = I i 3\\
g{/ ‘ ‘ =

RB-5 8-1 8-2 §-3 B-4 8-5 B-6 8-7 B-8 B8-% 8-i0 8-M RB-14

Position of block

Fig. 10.17 Impact acceleration of block on X—axis position
(Excitation X—direction, 4.1Hz, Max. acceleration 250 Gal)



10. Seismic Analysis Method for a Two—dimensional
JAERI 1322 Horizontal HTGR Core 131

200 3 T

_ X - direction
Tx A
o 100 = R - —
Lot ot | B
AT ~
§ RB-1 1-2 2-3 3-4 4-6 5-6 6-7 7-6 B-6 9-6 {0-611-612-6 13-514-3 15-1 RB-9
QL
& 200 ‘ ‘
S - -x-~ Experirhent } Y - direction
o — —o— Analysis | —
g 100 — A
E D-Ond D04 o000 \ o
i : T
0 i L xR

RB-1 1-22-3 3-4 4-65-6 6-77-6 B-6 9-6 10-6 -6 12-6 13-5 14-3 15-1 RB-9
Position of block

Fig. 10.18 Impact acceleration of block on Y—axis position
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- 10.3.3 Impact reaction force response
Figure 10.19 shows the comparison between analysis and experiment of the impact reaction forces of

side refiectors. In the figure, two kinds of reaction forces, namely radial and tangential, were shown. The

analytical results show favorable correlation with the experimental ones.

10.3.4 Displacement characteristics
Figure 10.20 shows the displacements of analysis and experiment comparing the displacements at the

core center and that of at the core periphery. The correlation is good for the displacements at the core

center, but less satisfactory at tthe displacements at the core periphery.



132

Seismic Study on High Temperature Gas—Coeled Reactor Core

Impact reaction force kN
o] 10 20 0 10 20
- -- Experimen |
—o— Analysis :
RE-1 %9 RB-1
]
RB-2 1% RB-2
\ I
i
RB-3|—¥o — RB-3
!
1
RB-4 [0 — R84
i
!
RB-5} * - — RB-5
rﬁ
RB-5 P —| RB-6
l[ s
RE-T b — RB-T [ j
\ i
! I
RB-8 | RB-8 :
‘\ p' Ii
v ! |
RB-9 — RB-9 © —
Tangential direction) Radial direction

1k N =102 kgf

Fig. 10.19 Impact reaction force distribution of reflector block

(Excitation X—direction, 4.1Hz, Max. acceleration 250 Gal)

‘ T T T T
~—-X--- Experiment Hard support
a0l T Af‘_‘;'ys's Block {8-1)
X o {Core periphery)
10+
£
i
00
-
E T T T T T I
e --=~-- Experiment Hard }
_%' 20l —GC— Analysis are. suppor
2 Block (B-6)
{Core center)
o-;x_-”&oél-omb
10 |- w&
0 ' : '
0 2

Excitation frequency

Fig. 10.20 Comparison between experiment and analysis on displacement

{Max. input acceleration 230 Gal)

Hz

JAERI 1322




10. Seismic Analysis Method for a Two-dimensional

JAERT 1322 Horizontal HTGR Core 133
25 T \ \
--=x--—  Experimen} Hard support
—o—  Analysis Block RB-5

20— —
=
"
@
(5]
S 15 o N
=
e a )
= o
o
L 10
o
o
(=%
£
= 5L

S Y =N = =X
0 \ J \ \ :
0 2 4 6 8

Excitation frequency Hz (kN = 102 kgf

Fig. 10.21 Comparison between experiment and analysis on impact reaction force
{Max. input acceleration 250 Gal)

10.3.5 Impact force characteristics
Figure 10.21 shows the impact reaction forces of analysis and experiment. As can be seen, the impact

reaction forces can be fairly simulated by analysis.

10.4 Concluding remarks

A seismic analysis method for the two—dimensional slice HTGR core, which consits of block—type
fuels, has been developed. The equations of motion for the core blocks used in the calculation and
numerical results have been presented and were compared with the results obtained by experiments. The
following conclusions have been derived:

(1) The analytical results were compared with experimental ones for horizontal vibration responses
of the two—dimensional slice core model. Good agreement was obtained between analytical and ex-
perimental results.

(2) Using this method, impact forces of the fuel blocks and side reflector blocks, and support forces

of side reflector blocks can be computed.
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11. Estimation of a Real Core Response from Two—-dimensional
HTGR Core Response

11.1 Introduction

1t is desirable to predict a real core dynamic behavior from experimental and analytical results of a
two—dimensional vertical core model and a two dimensional horizontal core model.
This Chapter shows comparative studies of the two model experiments and analyses, to estimate the

real core response under seismic excitation.
11.2 Displacement response characteristics

The displacement response curves in the vertical core and in the horizontal core are shown in Fig.
11.1. In the vertical core, the gaps between columns are 2 mm, and the total gap in the transverse direction
is 26 mm. In the horizontal core, as indicated in Fig. 11.2, the total gap in the X-axis direction at the
center is 24 mm. As seen in the displacement response curves of Fig. 11.1(a), at excitation frequencies
below 5 Hz, the displacements exceed the total gap, so the vertical columns are in lumped vibration. On
the other hand, in the horizontal core, as seen in Fig, 11.1(b), the displacement characteristics are similar
to that in the vertical core but the displacements are smaller. For this difference, two causes are possible.
The first is a difference in restoring forces between the column and the block. The second is the so—called
mutual interference effects.

The difference in restoring. forces will first be considered. Restoring characteristics in the column of
the vertical column and in the block of the horizontal column are shown in Fig. 11.3. In the column, at
small displacements the restoring force increases linearly, but beyond a certain displacement it drops
rapidly. In the block, on the other hand, the restoring force is linear; with increasing displacement it
increases in a straight line. Comparing the restoring force characteristics of the vertical and horizontal
cores, in the small displacement region, the restoring forces are larger in the column of the vertical core,
but at displacements beyond 28 mm the restoring forces in the block of the horizontal core becomes larger.
The displacements in the horizontal core are up to 25 mm so that the core does not possess a large
restoring force. Therefore, it is not due to a difference in the restoring forces that the displacements in the
horizontal core are smaller than that in the vertical core.

Effects of the interference of the surrounding blocks will now be considered. In the vertical core, one
column is merely adjoined to the columns on each of its sides. In the horizontal core, however, one block
is surrounded by its neighboring from four to six blocks. In the vertical column, respective column has a
similar restoring force, so they vibrate in group i.e. “lumped vibration”, On the other hand, in the
horizontal core, the surrounding blocks are in complex interference with the blocks, so that its lumped
vibration is suppressed. Consequently, the displacements in the horizontal core become smaller than that
in the vertical core.

In the verical core, the column receives interference only with its neighboring two columns. But in
the real core, it is in interference with from four to six columns. Therefore, in the vertical column, effects
of interference by the neighboring columns are less, so that the displacements become larger than in the
real core. In the horizontal core, on the other hand, effects of interference by the neighboring blocks are
similar to that in the real core. Consequently, taking info consideration that the restoring force at the

maximum displacements (about 24 mm~26 mm) are close to that in the column, the displacements in the
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real core may be taken as close to that in the herizontal core.
In aseismic design of the core, the maximum displacements will be the total gap in the columns and

i35

the displacements which will cause the maximum support reaction forces in the side fixed reflector blocks.
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11.3 Acceleration response characteristics

The acceleration response curves in the vertical and horizontal cores are shown in Fig. 11.4. In the
vertical core, as indicated in Fig. 11.4(a), the impact accelerations at the boundary positions are larger
than that in center of the core. It is apparently in lumped vibration. Then, in the horizontal core, as seen
in Fig. 11.4(b), the impact accelerations at the boundary positions and that in center of the core are nearly
similar. This is possibly because the blocks in the core are in repeated impact with the neighboring blocks,

rather than in flumped vibration. In the vertical core, the rotational forces imparted to the column on its
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longitudinal axis due to the impacts between columns are small. In the horizontal core, however, in a
block’s collision with the surrounding four to six blocks, respective block receives mutual rotational force.
And further, in the horizontal core, as shown in Fig. 11.2 the numbers of blocks in respective row are
different, so the total gaps also differ. Consequently, the neighboring rows of blocks are in mutual
interference, so that the lumped vibration is suppressed. The blocks are in mutual impacts not only in
similar phase but also in dissimilar phase, thereby giving rise to large accelerations.

There is another cause for making the impact accelerations in the horizontal core larger than in the
vertical core. That is, in the vertical core, each column is formed by stacking blocks. In the impacts
between the core column and side fixed reflector column, the impact energy is partly absorbed by way of
the friction between boundary faces of the upper and lower blocks. This may be the reason that the impact
accelerations are smaller in the vertical core than in the horizontal core.

From the above, it is considered that the impact accelerations in the real core are close to that in the

vertical core.
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11.4 Side reaction force characteristics

The side support reaction forces in the vertical and horizontal cores are shown in Fig. 11.5. In the
impact reaction force curves in the vertical core of Fig. 11.5(a), the peak values for the upper column end
under excitation frequency 3 Hz are the resonant vibration with a steel block with a gap between the
blocks at column top of 0.5 mm. Then, the peak values for the position of about two—thirds column height

at excitation frequency 4 Hz are due to the resonant vibration with a graphite block with a gap between
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the blocks of 2 mm. Figure 11.5(b) shows the impact reaction force curves for the excitation reaction and
the direction perpendicular to it the horizontal core.

In the comparison of the impact reaction forces in the horizontal core with the impact reaction forces
at about two-thirds column height in the vertical core, it is seen that for peak values in the vicinity of
excitation frequency 4 Hz, the latter is smaller than the former. As already described, this is because in
the vertical core there oceur friction forces between boundary faces of the upper and lower fixed reflector
blocks, so that the impact forces are also dispersed into the upper and lower blocks,

From the above, it is considered that the impact forces in the real core are close to that in the vertical

core.
11.5 Displacement, acceleration and impact reaction force distributions

In-core distributions of displacements, impact accelerations and impact reaction forces in the vertical

and horizontal cores are shown in Fig. 11.6. In the horizontal core of Fig. 11.6(a), the response value
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distributions are for two vibration modes exhibiting peak values of impact accelerations and impact
reaction forces, respectively, i.e., excitation frequencies of 3 Hz and 4 Hz. In the case of 3 Hz an
uppermost block in the column is in resonant vibration, on the other hand in the case of 4 Hz a block at
about two—thirds the column height is in resonant vibration. In the horizontal core of Fig. 11.6(Db), the
response value distributions are shown with an excitation frequency of 4.1 Hz corresponding to the
maximum displacements, 3.8 Hz corresponding to the maximum impact accelerations and 4.2 Hz
corresponding to the maximum impact reaction forces.

In the comparison between the vertical and horizontal cores, the displacements, impact accelerations
and impact reaction forces in both cores are in mutual correspondence. The respective maximum values
in both cores are also similar. The experimental results in the vertical and horizontal cores are thus in

complementary relation for the purpose of predicting the response values in the real core.
11.6 Effect of the side support stiffness

Figure 11.7 shows change in the maximum displacements with change in the side support stiffness in
the vertical and in the horizontal cores. As seen in the maximum displacement crves in the vertical column
of Fig. 11.7(a), the displacements decrease with a softening of the support stiffness. In the horizontal core
of Fig. 11.7(b), on the other hand, though the displacements decrease with a softening of the support
stiffness, the decreases are not as marked as in the vertical core. The reason for this may be that the
vibration in the vertical core is lumped vibration but in the horizontal core such lumped vibration is not
so considerable, as already mentioned.

Figure 11.8 shows change in the maximum impact reaction forces with change in side support
stiffness both in the vertical and horizontal cores comparatively. As seen in Fig. 11.8(a), in the vertical
core, the impact reaction fores are smaller with the soft support stiffness than with the hard. It is also seen
that there is a support stiffness which reduces the impact reaction forces. Also in the horizontal core, as
seen in Fig. 11.8(b), the impact reaction forces are smaller with the soft than with the hard support
stiffness. There is also a support siffness here, which reduces the impact reaction forces. The change in the
impact reaction forces due to the existence of “preload” in the case of intermediate support stiffness will
now be considered. That is, a side fixed reflector blocks are tightened toward the core center from the
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peripheral region (i.e. pre-loading). In this case, the side impact reaction forces are reduced. By pre-
loading, respective fixed reflector block is in loose coupling. It is now considered that a fuel block impacts
with its adjoining fixed reflector block. In this case, the impact forces applied to this fixed reflector block
are then diverted to its neighboring fixed reflector blocks. Consequently, the impact reaction forces in the
first impact are reduced.

In the comparison of response values between the vertical and horizontal cores, the changes in
response values with change in the support stiftness have similar trends for both cores. This may also apply
to the real core.

In Figs. 11.7 and 11.8, together with the response values for sinusoidal waves and seismic waves are
also shown. It is seen that the tendencies due to seismic waves are similar to those due to sinusoidal wave

input.
11.7 Seismic wave response characteristics

The chages in the response values with sinusoidal waves and random waves such as seismic waves will
be considered in the vertical and horizontal cores. The random waves are two different seismic waves and
a white noise wave. The two seismic waves are the E1 Centro 1940 NS wave and the Ibaraki 1964 EW
wave respectively. The former includes a long period component and the latter a short period component.
The white noise wave is a random wave including a sinusoidal wave component of from 1 to 10 Hz.

Figure 11.9 shows effects of input waves on the displacement distribution and impact reaction force
distributions in the vertical core. Figure 11.9(a) shows the response values for a sinusoidal wave of the
maximum input acceleration 250 Gal and excitation frequency 4 Hz. Figures 11.9(b)~(d) show the
response values for the E1 Centro 1940 NS wave, the Ibaraki 1964 EW wave and the white noise wave,
ecach of the maximum input acceleration 500 Gal. As seen in Fig. 11.9, with exception of the response
values to the Ibaraki 1964 EW wave, the maximum response values to the other three waves are almost

the same. The reason is that the Ibaraki 1964 EW wave contain short period components, compared with
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Fig. 11.9 Effecn of input wave on displacement, impact acceleration and impact reaction force

distributions along column

the other three waves. This is also due to the fact, as indicated in Fig. 11.1 and Fig. 11.5, that beyond

excitation frequency 5 Hz the response values drop rapidly.

The impact reaction forces for the sinusoidal wave of the maximum input acceleration 2350 Gal, the
E1 Centro 1940 NS wave of 500 Gal and the white noise wave of 500 Gal are similar. Between the input

accelerations and the impact reaction forces there are proportional relation. Consequently, the impact

reaction forces for the seismic waves are about 60 9 of that for the sinusoidal waves. Therefore, from

response values for the sinusoidal waves, the response values for a seimic wave are predictable.

Figure 11.10 shows effects of input waves on the displacement distributions and the impact reaction

force distributions in the horizontal core, The input waves are those causing a maximum displacement and

a maximum impact reaction force, respectively. Figure 11.10(a) shows the response values for the
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sinusoidal wave of the maximum acceleration 250 Gal in uni~axial excitations in the X and Y directions,
respectivity. Figure 11.10(b) shows response values for the E1 Centrol 1940 NS wave with the uni-axial
exitation in the X and Y directions, respectivly, and the bi-axial excitation in the X and Y directions due
to NS and EW waves. Figure 11.10(c) shows the response values for the white noise wave of the
maximum input acceleration 500 Gal with uni-axial excitations in the X and Y directions, respectively, In
the bi—axial simultaneous excitation, the maximum input excitation is a combined value of the vectors in
the X and Y directions.

As seen in Fig. 11.10, the maximum displacements in the Y direction excitation occur in the Y axis

with a large total gap. Then, the maximum impact reaction forces appear in the uni-axial excitation in the
X direction. The maximum impact reaction forces for the sinusoidal waves of the maximum input
‘ acceleration and the maximum impact reaction forces for the E1 Centro 1940 NS wave of the maximum

input acceleration 500 Gal and the white noise wave of 500 Gal are nearly the same.
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From the above, the impact reaction forces in the real core be predicted from the response values for
the sinusoidal waves. Its values are about 60% of the values for the sinusoidal waves. The impact reaction
forces in the uni—axial excitation in the X direction are the same as or lower than that in the uni—axial
excitation in the Y direction and in the bi—axial simultaneous excitation. Therefcre, the response values in
the real core can be predicted from the response values in the uni-axial excitation in the horizontal

direction in the vertical core which is the uni—axial excitation in the Y direction.
11.8 Prediction of response values in the real core

From the results of a seismic experiment with a scale model, response values in the real core can be
predicted in two ways. One is application of similarity laws to the experimental results, while another is
the use of the computer programs, which are verified on the basis of the model experiments. It will be
shown below that either method can predict the response values in the real core.

In the seismic experiment model shown far, as indicated in Fig. 11.11, the size of the core is 1/2 that
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Table 11.1 Multiplication factor for predicting seismic response
values of real HTGR core

Muttiplication factor

Item

Experiment JAERI-HTGR GA-HTGR

Displacement 1 2 2.5
Force 1 4 6.2
Acceleration 1 1 1
Velocity 1 V2 V2.5
Frequency 1 172 1/¥2.5

of the small-scale experimental HTGR and the weight is 1/4 that of the same HTGR. And then, similarly,
the core size is about 1/2.5 that of General Atomics power generating HTGR in the United States and the
core weight is about 1/6.2 that of the same HTGR. In order to obtain response values in the real core from
the experimental results with the models, as shown in Table 11.1, the experimental results are multiplied
by the similarity multiplication factors. In the core of the experimental HTGR, for example, to obtain the
displacement, the experimental result is multiplied by 2; to obtain the force, the result is multiplied by 4;
to obtain the acceleration, the result is multiplied by 1; to obtain the velocity, the result is multiplied by
+/2; and to obtain the frequenéy, the result is multiplied by 1/y/2.

In Figs. 11.12 and 11.13 the displacement and the impact reaction force response curves in the fuel
block of the experimiental HTGR are shown. The two methods of using similarity laws and the computer
program are compared. As can be seen in the figures, both values are almost in agreement. The two

methods of predicting response values in the real core are thus seen to give adequate results.
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|
1 11.9 Concluding remarks

In order to obtain seismic response characteristics of a real HTGR core, comparison of response
characteristics of two—dimensional cores have been carried out. The more important results are as follows.

(1) From the results of the seismic experiments with the scale models, it is verified that the real core
response can be predicted by the two following methods. These are the application of similarity laws to the
experimental results and the use of the computer programs which are verified, on the basis of the model
experiments.

(2) The response values of the real HT'GR core could be estimated from the experimental and

analytical results of the two—dimensional vertical and horizontal core models.
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12. Seismic Response of HTGR Core and Aseismic Design Consideration

for HTGR Core Structure Based on Previously Shown Study

The author has clarified the dynamic characteristics of the block—type fuels HTGR core obtained by
the experiments and has developed the analytical methods and the computer programs simulating the

experimental results. The results obtained by this study and aseismic design considerations are the

following.
12.1 Block impact characteristics

The coefficient of restitution is about 0.6 and the contact duration is about 0.7 milli—seconds. Both

values slightly decrease with impact velocity (Fig. 2.2, Fig. 2.3).
12.2 Stacked column characteristics

(1) Soft spring characteristics

The column resonant frequency decreases with excitation amplitude. The jump—up frequency of the
column displacements are higher in swéepfup than in sweep—down. The column has a nonlinear resonance
and exhibits a hysterisis response with jump points. These are the column softening characteristics due to
column rocking, interface friction between blocks and loose dowel connections. The column dis-
placements also increase with increasing excitation levels (Fig. 3.3).

(2) Vibration mode

The column bends at about two—thirds of the column length (Fig. 5.4).

(3) Subharmonic vibration

Subharmonic vibration takes place due to the friction contact of the upper and lower blocks and to
the unsymmetrical support in upper column gaps and uneven gaps horizontally., The subharmonic
vibration appears either with high excitation frequency at low acceleration levels or with low frequency at
high acceleration levels (Fig. 5.7 and 5.8).

- (4) Column whirling

The column whirling is more likely to oceur in the corner—to—corner excitation direction than in the
flat—to—flat direction (Fig. 5.5).

(5) Effect of gas pressure difference

The gas pressure difference between the upper and lower of the core has effects of raising the
resonant frequency of the column and the column displacements decrease (Table 5.2).

{6) Column damping factor

The column damping factors are about 10~30% of the critical factors. It increases skightly with
increasing displacement amplitude (Table 3.1).

(7) Hard spring characteristics

According to increasing the input accelerations, the resonant frequency shifts to the higher frequ-
ency, the impact forces to increase, and the frequency for rapid drop of the impact forces i. . the jump
~down frequency to increase. This nonlinear spring characteristics due to the column impact i. e. the
hardening characteristics exist (Fig. 3.5 and 5.10).

(8) Effect of gap width

In increasing the gap width, both jump-up and jump-down frequencies of the impact forces shift to
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lower frequencies. The range of impact frequency gets smaller with increasing gap width. The impact
forces raise with increasing gap width (Fig. 3.6).

{9) Effect of gap width at column top

The top block gap has effects on column displacement mode. Increasing the top gap pushes the
maximum displacement point of column upwards and makes motion more unstable (Chapter 5}.

(10) Effect of excitation direction

The effect of excitation direction on the resonant frequency is almost negligible, but change in
excitation direction results in a slight change of response displacements and impact forces. The column
whirling of the corner—to—corner excitation is larger than the flat—to—flat excitation. Therefore impacts of
the block occur by sliding along- the neighbor block sides. The impact values are thus reduced by an

amount of the momentum consumed in sliding friction {Chapter 3).
12.3 Characteristics of core dynamic behavior

(1) Resonant frequency

The resonance curve shows typical nonlinear hardening characteristics. The resonant frequency
increases with an increase of input acceleration levels and are strongly amplitude dependent. The column
displacement increase with an increases of input acceleration levels (Fig. 7.6 and 9.6).

(2) Lumping vibration

At low excitation frequehcy, all blocks in the core oscillates as a tightly lumped mass between the side
fixed reflector boundaries. The lumping increases with increasing excitation frequency. At still higher
frequency the lumping rapidly decreases (Fig. 8.5 and 10.14).

(3) Subharmonic vibration

At high frequency range subharmeonic vibration of the column occurs and each column vibrates in
random impacts with adjacent columns (Fig. 7.6).

{4) Hardening characteristics

The impact reaction forces increase with an increase of input acceleration levels. The resonant
frequency is strongly excitation level dependent and shifts to high frequency with the increase of input
acceleration levels. These characteristics are typical of the nonlinear hardening spring mass system (Fig.
7.10 and 9.8).

(5) Displacement characteristics in core

The displacements are larger in the core center than the core periphery (Fig. 7.4, 7.8, 9.10 and 11.10).

(6) Acceleration and force characteristics in core

The impact accelerations and forces are smaller in the core center than in the core periphery (Fig.
7.15, 9.10, 11.6 and 11.9).

{7) Effect of input acceleration

The core displacements, impact accelerations and impact reaction forces increase with input
acceleration levels. The impact accelerations and impaci reaction forces have the same tendency with
varying excitation frequency (Fig. 7.14).

(8) Core damping factor

The core damping factors are 4~10% of critical. The damping factors increase with increasing
column displacements. In the case of the core, the column displacements are small so the damping factors
are small comparing with the damping factors of the single stacked column (Chapter 7).

(9) Effect of gap width between column top blocks

A small gap width between top blocks of the columns reduces the core displacements and the impact
forces. The choice of a small gap width faverably affects the core design (Fig. 7.9 and 7.13).

(10) Effect of gas pressure difference between upper and lower of core

The gas pressure difference between the upper and lower of the core reduces the core displacements
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and impact forces (Fig. 7.7 and 7.12).
12.4 Effect of side support stiffness

(1) Resonant frequency

With an increase of the side support stiffness, the resonant frequency shifts to higher frequency (Fig.
7.6, 7.11 and 9.6).

(2) Displacement characteristics

With an increase of the side support stiffness, the core displacements decrease (Fia. 7.6 and 9.7). The
soft spring support results in large core displacements which affect the insertion of control rods. A core
structural desigh with the soft spring support is therefore not favorable for control rod insertion dusing
seismic disturbance.

(3) Impact characteristics _

In the hard spring support, the impact reaction forces are larger than in the intermediate spring
support. The intermediate spring support of the fixed side reflector block reduces the impact forces (Fig.
7.11 nd 9.9).

(4) Choice of core side support stiffness

The core side support stiffness significantly affects core displacements and impact forces. The core
displacements decrease with increasing side support stiffness. On the other hand, the impact forces
increase with increasing side sﬂpport stiffness. The soft spring support results in larger core displacements.
Maximum core displacements are expected over the total column gap. The hard spring support limits the
core displacements to about the total column gap because of the high spring rate of the hard support. The
support forces for the hard support are a little higher than for the soft spring support. Since a core design
with soft spring support is not favourable for control rods insertion during seismic disturbance, the hard
spring side support is better than the soft support.

The fuel block displacements are larger with preload than without preload in the case of the
intermediate support condition. Preload from core periphery to core center could reduces displacements
of fuel blocks (Fig. 9.7).

The impact reaction forces are smaller with preload than without preload in the case of the
intermediate support condition. There is a favorable support condition in the HTGR core design.

Furthermore, preload from core periphery to core center could reduces impact reaction forces (Fig. 9.9).
12.5 Effects of excitation direction and input wave on response

(1) Effect of excitation direction

The total gaps in the corner-to—corner excitation direction are larger than at in the flat—to—flat
excitation direction so that the fuel blocks are easily displaced in the corner—to—corner excitation direction
than in the flat—to—flat excitation direction. In aseismic design of the core, the maximum displacements
will be the total gaps in the columns and the displacements which will be cause the maximum support
reaction forces in the side fixed reflector blocks (Fig. 11.1).

The maximum reaction forces in the radial component are larger than that of the tangential. The
maximum forces in the case of the flat—to—flat excitation direction are larger than that of the corner—to
—corner excitation direction (Fig. 9.10, 9.11 and Fig. 11.10).

(2) Comparison between sinusoidal and seismic wave responses

The maximum displacements and impact forces for seismic waves are under 6096 of that for
simusoidal waves. The response values of seismic waves are estimated from those of the uni-axial

sinusoidal flat-to—flat excitation direction (Fig. 7.18, 9.12 and 9.13).
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12.6 Dowel force

{1) Effect of input acceleration level

With an increase in excitation levels, the dowel forces increase. With an increase of inpmt
acceleration, the resonant frequency of the dowel force shifts to an higher value. These are caused by the
hard spring characteristics of the dowel pin (Fig. 7.16).

(2) Effect of support stiffness

The dowel forces for the soft spring support are smaller than that for the intermediate support, since
the columns are bent, with the soft support than with the hard support (Fig. 7.17).

(3) Relationship among impact acceleration, impact reaction force and dowel force

The impact accelerations, impact reaction forces and dowel forces have the same tendency with

varying excitation frequency, acceleration and with the maximum occurrence point (Chapter 7).
12.7 Estimation of real core response from two—dimensional core response

From the results of seismic experiments with the scale model, it is verified that a real core response
can be predicted by two following methods. These are the application of similarity laws to the
experimental results and use of computer programs which are verified, on the basis of the model
experiments. The response values of the real HTGR core could be estimated from the experimental and

analytical results of the two—dimensional vertical and horizontal core models (Chapter 11).
12.8 Seismic response analysis method and computer program

(1) Seismic analysis method

The seismic analysis methods for the block type HTGR core have been developed for dynamic
analysis of the two—dimensional vertical and horizontal cores (Chapter 8 and 10).

(2) Computer programs

The computer program SONATINA-2V for the two-dimensionat vertical HTGR core and the
computer program SONATINA-2H for the two-dimensional horizontal HTGR core have been devel-
oped. The analytical results were presented with the results of the experiments. Good agreement were
obtaind between the analytical and the experimental results (Fig. 8.6~8.11 and Fig. 10.14~10.20).

(3) Simplified analytical methods

Successful application of a simplified model which uses one degree—of—freedom mass with nonlinear
column stiffness and damping characteristics has been shown for the seismic response of a column. By the
analysis and in comparing with the results of experiment and detailed analysis, good agreement was
obtaind among them (Fig. 6.7 and 6.8).

Another simplified model is a reduced block number model, which is modeled to treat two or three
blocks as a single block. Some calculations were made and results from the reduced model was compared
with the experimental and the detailed model results and good agreement was obtained among them (Fig.
12.1).

. The computer costs of time history analysis of the HTGR core by the simplified models are
significantly lower than that of the detailed model.

(4) High speed computation

The seismic analysis computer programs SONATINA-2V and SONATINA-2H have been vectrized
for high speed computation, so that about two to three times higher than the original programs (Table

12.1).
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Table 12.1 Comparison of computer CPU time between scalar

and vector processors

i Size of problem Computer CPU time (s)
Degrees—of freedom ©  Number of seps 1 Scalar processor Vector processor

320 | 15130 1 444 5 5 191.1

9))] : (1/2.33}

520 2000 137.6 49,7

(1) (1/2.77)

520 18600 1201 444.9

.‘ o) (1/2.70)
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